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Abstract Neutral-atomic and molecular outflows are a common occurrence in galax-
ies, near and far. They operate over the full extent of their galaxy hosts, from the
innermost regions of galactic nuclei to the outermost reaches of galaxy halos. They
carry a substantial amount of material that would otherwise have been used to form
new stars. These cool outflows may have a profound impact on the evolution of their
host galaxies and environments. This article provides an overview of the basic physics
of cool outflows, a comprehensive assessment of the observational techniques and di-
agnostic tools used to characterize them, a detailed description of the best-studied
cases, and a more general discussion of the statistical properties of these outflows in
the local and distant universe. The remaining outstanding issues that have not yet been
resolved are summarized at the end of the review to inspire new research directions.
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1 Introduction
1.1 Setting the Scene
Galaxies are not isolated “Island Universes” the way Thomas Wright and Immanuel
Kant imagined them (Wright 1750; Kant 1755). Instead, they are giant ecosystems
where material flows in and out or is processed in-situ. The fate of baryons in a galaxy
is governed by the complex interplay between gas entering the galaxy through galaxy
mergers and accretion flows, star formation within the galaxy, and gas flowing out
of the galaxy. All gas phases and dust are participating in this cosmic ballet, but the
focus of this review is on the cool (T . 104 K) outflowing neutral-atomic, molecular,
and dusty material (Fig. 1). Driven by the energy released from stellar processes and
gas accretion onto supermassive black holes (SMBHs) at the centers of galaxies, these
cool outflows are a common feature of local and distant gas-rich systems. They often
dominate the mass, and also sometimes the energetics, of gas outflows in general, and
may comprise a significant fraction of the entire reservoir of cool gas in the galaxy
hosts.
The study of cool outflows is a relatively new area of research, dating back .
20 years. However, in the last decade, thanks in large part to the advent of new in-
frared space observatories (Spitzer, Herschel), new or upgraded mm-wave and cm-
wave ground-based facilities (ALMA, NOEMA, VLA, and GBT), and a suite of new-
generation optical and near-infrared multi-object and integral field spectrometers on
large ground-based telescopes (e.g., SAMI, KMOS, MaNGA, MOSFIRE, MUSE,
KCWI), the study of cool outflows has flourished into a full-fledged sub-discipline of
its own with implications that touch on vast areas of extragalactic astronomy includ-
ing galaxy formation and evolution and the synergistic connection between galaxies
and supermassive black holes.
Cool outflows have deservedly received considerable attention in recent years for
a number of reasons. The cool gas taking part in these outflows is the raw material
from which stars are formed, so its fate may affect the evolution of the host galaxies.
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Fast outflows are among the leading internal negative-feedback processes to explain
the rapid (. 109 yrs) inside-out cessation (“quenching”) of star formation in massive
galaxies (Schawinski et al. 2014; Onodera et al. 2015; Tacchella et al. 2015, 2016;
Spilker et al. 2019). However, simply carrying the cool gas out of the galaxy and
depositing it into the circumgalactic medium (CGM; Tumlinson et al. 2017) may not
be sufficient to quench these galaxies since the cool material, if left alone, will even-
tually fall back onto the galaxy and form new stars. Even if the outflows are powerful
enough to eject the gas out into the intergalactic medium (IGM; Oppenheimer et al.
2019; Davies et al. 2019; Keller et al. 2019), re-accretion of the enriched material
ejected by neighboring galaxies may revive the star formation activity of the host
galaxy (Angle´s-Alca´zar et al. 2017). The duty cycle of outflows must be fine-tuned
to prevent this material from infalling back onto the galaxy (e.g., Kim and Ostriker
2018), or other processes must be at work to prevent it from forming new stars (Faer-
man et al. 2017; McQuinn and Werk 2018).
Powerful winds, driven by a central quasar or the surrounding starburst, have also
been invoked to stop the growth of both the BH and spheroid component (Silk and
Rees 1998; Fabian 1999; King 2003; Murray et al. 2005) and explain the tight BH-
spheroid mass relation (e.g., Magorrian et al. 1998; Gebhardt et al. 2000; Ferrarese
and Merritt 2000). In turn, the fraction of quenched galaxies in the local universe
seems strongly correlated with the properties of the spheroid component (Teimoorinia
et al. 2016; Bluck et al. 2016, 2019), pointing back to BH-driven outflows as a means
to quench massive galaxies. Fast AGN-driven cool outflows may be examples of this
process in action.
Much of our understanding of the overall impact of galactic winds and outflows
on galaxy evolution comes from sophisticated cosmological galaxy formation simu-
lations that incorporate the observable properties of the best-studied outflow systems
(Vogelsberger et al. 2014; Schaye et al. 2015; Dubois et al. 2016; Choi et al. 2018;
Biernacki and Teyssier 2018; Brennan et al. 2018; Hopkins et al. 2018b; Dave´ et al.
2019; Nelson et al. 2019; Peeples et al. 2019; Hafen et al. 2019). However, the cool
gas phase outside of galaxies is notoriously difficult to model since it is subject to
formation and destruction processes that act on scales that are unresolved in these
simulations (e.g., thermal, Kelvin-Helmholtz, and Rayleigh-Taylor instabilities, tur-
bulent boundary layers, conductive heat transport). We therefore expect new data on
cool gas outflows to continue to inform the next generation of numerical simulations
of galaxy formation and evolution for years to come.
1.2 Scope of the Review, Key Questions, and Organization
The focus of this review is on cool (T . 104 K) outflows comprised of neutral-
atomic and molecular gas where hydrogen is mostly in neutral or molecular form,
respectively. Dust is also part of our discussion since in general a significant fraction
(perhaps ∼30%; Weingartner and Draine 2001) of the metals in cool enriched gas
is locked into dust. Dust grains are an essential component of these outflows, acting
as anchor points for radiation forces and catalyzers for H2 formation. This review is
meant to provide a holistic view of cool outflows, spanning the full range of scales
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Fig. 1 Examples of cool outflows, near and far. (a) HST optical continuum image of quasar Mrk 231. The
white box is the footprint of the IFS data shown in panel (b). (b) Velocity field of Na I D absorption line in
Mrk 231. (c) [C II] 158 µm line emission in z = 6.4 quasar SDSS J1148+5251. (d) Starburst galaxy M 82
in H2 2.12 µm (red) and stellar light (light blue). (e) Starburst galaxy NGC 253 in CO 1−0 (white contours)
relative to Hα (yet), X-rays (blue), and optical continuum emission (greyscale). Images reproduced from
Rupke and Veilleux (2011), Cicone et al. (2015), Veilleux et al. (2009b), and Bolatto et al. (2013a).
over which they are observed, i.e. from . 10 pc in some AGN and quasars to &
100 kpc in some distant galaxies. Most of our discussion centers on the following
fundamental questions:
– Statistical properties of cool winds in the local and distant universe: What is their
frequency of occurrence, physical extent, mass loss rate, efficiency, energetics,
and evolution with look-back time?
– Driving mechanisms of cool winds: What is the role of supernovae, radiation
pressure, cosmic-ray pressure, and AGN? Is there a minimum threshold of star
formation or black hole activity needed to trigger cool outflows? How is the ma-
terial entrained but not destroyed?
– Multi-scale and multi-phase nature of outflows: What is the relative distribution
of the cool, warm, and hot phases in the wind? Is the cool material produced in-
situ from the hot wind? Is the cool material transitioning to another gas phase on
the way out? Do cool winds form stars? What is the relation between large-scale
cool outflows and nuclear AGN winds?
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– Impact of cool winds on the host galaxy: What feedback effects do they exert on
the host galaxy ISM and CGM? Do they help regulate the growth of the black
hole? What fraction of the cool outflowing gas escapes the host galaxy? What is
the role of re-accreted (recycled) gas from neighboring galaxies?
This review is organized as follows. Section 2 describes the basic physics behind
cool outflows, particularly the sources of energy and momentum, driving mecha-
nisms, physical origin of the outflowing cool gas, and minimum condition for the
outflowing material to escape galaxies. Section 3 discusses the many observational
techniques and diagnostic tools that have been used so far to measure the properties
of cool outflows, and provides a critical assessment of their strengths and weaknesses.
The best-studied cases of cool outflows are described in detail in Section 4 to set the
stage for a more general discussion of the statistical properties of cool outflows in the
nearby and distant universe in Sections 5 and 6, respectively. This review concludes
in Section 7 with a summary of the key open theoretical and observational issues, and
suggestions for future research directions.
This type of review is necessarily incomplete and biased. While our main target
audience is newcomers who wish to familiarize themselves with this topic or may
be searching for exciting new research ideas, we hope that this review will also be
a valuable resource for more experienced scientists of all levels. Those who did not
find an answer to their questions in this article may wish to consult the following
recent reviews on directly relevant topics: Erb (2015, stellar feedback in low-mass
galaxies), King and Pounds (2015, AGN outflows and feedback), Harrison (2017,
AGN feedback), Heckman and Thompson (2017, galactic winds in general), Tumlin-
son et al. (2017, CGM), Harrison et al. (2018, AGN outflows and feedback), Rupke
(2018, galactic winds driven by star formation), Cicone et al. (2018a, multiphase
outflows in AGN host galaxies), Wylezalek and Morganti (2018, the driving mecha-
nisms of outflows in AGN), Morganti and Oosterloo (2018, HI 21-cm absorption as
a probe of the ISM and CGM in AGN), and Zhang et al. (2018, the theory of galactic
winds driven by stellar feedback). The earlier reviews by Veilleux et al. (2005, galac-
tic winds in general) and Fabian (2012, observations of AGN feedback) may also be
useful. Finally, reviews on more specific topics are mentioned throughout the text.
2 Basic Physics
2.1 Energy Sources
2.1.1 Stellar Winds and Supernovae
Stars inject mass, momentum, and energy in the surrounding environment that may
prevent molecular gas from forming stars on a dynamical time scale. Given a star
formation rate M˙∗, the depletion time scale tdep ≡ Mgas/M˙∗ of the molecular gas in
galaxies due to star formation is typically ∼1 − 2 Gyr on & kpc scales (e.g., Bigiel
et al. 2008), although tdep tends to decrease with increasing specific star formation
rates, both spatially integrated (M˙∗/M∗; Saintonge et al. 2011) and spatially resolved
(ΣSFR/Σ∗; Ellison et al. 2019), and there is considerable scatter on scales below ∼100
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pc (Kennicutt and Evans 2012; Kruijssen and Longmore 2014). This depletion time
scale is roughly two orders of magnitude longer than the dynamical time scale of
giant molecular clouds (GMCs): tff/tdep ≡ ff ' 1%, where tff =
√
3pi/32Gρ is the
local free-fall time and ff is the star formation efficiency per free-fall time. Recently,
Kruijssen et al. (2019) have deduced GMC lifetimes of tsf ' 11 Myr resulting in a
star formation efficiency per GMC lifetime Sf = 2.5%. A wide range of feedback
processes may be responsible for this low star formation efficiency. Since most stars
form in clusters, the emphasis of our discussion is on the dominant feedback pro-
cesses in cluster environments.
- Protostellar Outflows. This source of stellar feedback has been reviewed in detailed
in Bally (2016). It is clear that protostellar outflows help keep ff small in the dense
regions of star clusters, but given the low ejection velocities, these outflows play a
limited role in setting the final value of ff in most clusters, except those with masses
less than ∼ 100 M (Krumholz et al. 2019).
- Stellar Winds from Young Massive Stars. Winds from massive supernova (SN) pro-
genitor stars profoundly transform the circumstellar medium around these stars (e.g.,
van Marle and Keppens 2012; Georgy et al. 2013), and also likely play a signifi-
cant role in clearing the denser gas from young stellar clusters, before the first core-
collapse SNe occur (Longmore et al. 2014; Hollyhead et al. 2015; Sokal et al. 2016).
Pre-existing wind bubbles at the time of the SN explosion may greatly enhance the
feedback energy efficiency, although the exact boost depends on the uncertain im-
portance of mixing, conduction, and cooling at the interface of the hot wind bubble
and the compressed swept-up ambient medium (e.g., Fierlinger et al. 2016; El-Badry
et al. 2019). Pre-existing wind-blown bubbles created by massive SN progenitor stars
may also affect the survival or destruction of the dust generated within the ejecta or
initially present in the ambient ISM (Martı´nez-Gonza´lez et al. 2019).
- Core Collapse Supernovae. Stars with masses between about 8 and 25 M end
their lives after ∼3 Myr as core collapse supernovae ejecting ∼ 1 − 10 M of metal-
enriched material with kinetic energy ESN ' 1051 erg ≡ E51 and momentum pSN =√
2ESNMSN, where MSN is the mass of the ejecta per SN. If the supernova rate ΓSN
scales with the star formation rate as ΓSN = αSNM˙∗, where αSN ' 0.01–0.02 (depend-
ing on the Initial Mass Function, IMF; αSN ' 0.02 for a Salpeter IMF and continuous
star formation; Leitherer et al. 1999), then E˙SN = 7 × 1041 (αSN/0.02) (M˙∗/M yr−1)
erg s−1 and p˙SN = 5 × 1033 (αSN/0.02) (M˙∗/M yr−1) dyne (Veilleux et al. 2005).
What happens next to this kinetic energy depends on the local pre-SN environment.
In very low density environments, the ejecta simply remain in a state of free expan-
sion keeping the same kinetic energy and momentum. In more typical environments,
some fraction of the kinetic energy (ξ, the supernova thermalization or feedback ef-
ficiency) is quickly transformed into thermal energy through shocks heating the SN
ejecta and ambient medium to a temperature T = 0.4µmH(E˙/kM˙) ' 3 × 108 ξΛ−1
K, where Λ is the ratio of the total mass of heated gas to the mass that is directly
ejected by the SN. Once the mass of swept up material is comparable to the mass
of the ejecta, the SN remnant enters an adiabatic Sedov-Taylor phase of expansion
where the outer shock radius expands as t2/5. Once the temperature drops below ∼ 106
K, radiative losses become important, and the SN remnant enters a pressure-driven
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snowplow phase where the pressure of the interior hot gas is still larger than that of
the outside pressure. Gradually, the interior pressure decreases to eventually match
the outside pressure, and the remnant continues to expand and sweep up ISM gas as
a momentum-conserving snowplow. Several studies have shown that the input mo-
mentum from SNe can be boosted by an order of magnitude during the Sedov-Taylor
phase due to work done by the hot shocked gas (e.g., Kim and Ostriker 2015; Kimm
et al. 2015; Martizzi et al. 2015; Walch and Naab 2015): pSN = 3 × 105 km s−1
M E16/1751 n
−2/17
H Z
−0.14, where nH is the hydrogen number density in cm−3 and Z is
the metallicity in solar units (formally this expression is valid only if Z ≥ 0.01).
Note that pSN depends only weakly on the density (or density inhomogeneity) of the
ambient medium and its metallicity. Considerable effort has been invested in recent
years in determining the impact of clustered supernovae on this momentum boost.
It has been found that the asymptotic momentum per SN can be up to an order of
magnitude greater than that delivered by isolated SNe (up to ∼ 3 × 106 M km s−1
per SN), although the results are sensitive once again on the mixing rate across the
contact discontinuity between the hot and cold phases (Sharma et al. 2014; Gentry
et al. 2017, 2019; El-Badry et al. 2019).
- Cosmic Rays. In star-forming galaxies like the Milky Way, first-order Fermi shock
accelerated particles in supernova remnants are the dominant source of cosmic rays
(CRs; e.g., Grenier et al. 2015; Bykov et al. 2018). These cosmic rays ionize and heat
the ISM, including the cold material that is optically thick to ionizing radiation, de-
positing ∼13 eV per Coulombic or hadronic interaction (e.g., Grenier et al. 2015). Be-
tween 10 and 50% of the kinetic energy from SNe (∼1−5 × 1050 ergs per SN) can be
converted into non-thermal energy (Grenier et al. 2015; Diesing and Caprioli 2018),
most of which is deposited in protons with energies following a power-law distribu-
tion. In the case of a Salpeter IMF and constant star formation rate, the CR energy
injection rate is thus E˙CR ' (0.7–3.5)×1041 (αSN/0.02) (M˙∗/M yr−1) erg s−1 and the
injected momentum rate is p˙CR = (0.5–2.5) × 1033 (αSN/0.02) (M˙∗/M yr−1) dyne.
This last number does not take into account the possibility that the asymptotic in-
jected momentum per SN may be boosted by the presence of CRs by a factor of 2-3,
and perhaps as much as an order of magnitude in the denser environments. This is
due to the fact that CRs act as a relativistic fluid, so they suffer less adiabatic loss than
the thermal gas, and thus dominate the internal pressure at late times in the evolution
of the SN remnant. Moreover, the CR energy is not radiated away during the snow-
plow phase, so it continues to support the expansion of the SN remnant (Diesing and
Caprioli 2018).
- Radiation. The stellar radiative processes most relevant to cool outflows are pho-
toionization heating associated with the ionizing (hν > 13.6 eV) radiation from hot
stars and SNe, photo-electric heating associated with the non-ionizing radiation ab-
sorbed by dust in the warm and cold neutral media, Compton heating by hard pho-
tons from X-ray binaries, the dissociation of H2 by the Lyman-Werner (11.2–13.6
eV) radiation, and finally the radiation pressure associated with single- and multiple-
scattering processes. Most of these processes provide excellent diagnostic tools to
study cool outflows so they are discussed in more details in Section 3. Radiation
pressure is potentially an important driving mechanism for cool outflows so it is
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discussed in more detail in Section 2.2.2. For starbursts, the luminosity is typically
L ' 1010 M˙∗ L, where the units of the star formation rate M˙∗ are M yr−1.
- Type Ia Supernovae. Stars with M < 8 M are the progenitors of Type Ia supernovae
that go off after ∼100 Myr, each injecting an energy ∼ 1051 erg and a mass ∼1.4 M
into the surrounding environment. The energy deposition rate from a galaxy with
stellar mass M∗,11 in units of 1011 M and stellar population age t9.7 in units of 5
× 109 yrs is E˙Ia ' 14 × 1040M∗,11t−1.19.7 erg s−1 (Conroy et al. 2015). This source of
energy may play a role in preventing star formation in low-mass early-type galaxies
(e.g. Li et al. 2018), but is probably not an important contributor to the energetics of
the cool outflows reported here in star-forming and active galaxies.
- Stellar Winds from Old Stars. The thermalization of winds from asymptotic giant
branch (AGB) stars, red giants, and planetary nebula phases injects energy at a rate
E˙AGB ' 5 × 1040 M∗,11σ2∗,300 t−1.259.7 erg s−1 (Conroy et al. 2015), where σ∗,300 is the
stellar velocity dispersion of the host galaxy normalized to 300 km s−1. This energy
will combine with that injected from Type Ia SNe (discussed above), but does not
play a role in driving the cool outflows in starburst and active galaxies.
2.1.2 AGN
The primary energy source behind AGN is accretion onto the central supermassive
black hole, where the gravitational potential energy lost by the accreted material is
converted into heat and partly radiated away at the rate of
L = r M˙accc2 ' 5.7 × 1045 (r/0.1)(M˙acc/M yr−1) erg s−1, (1)
where r is the radiative efficiency. This efficiency is a strong function of the ac-
cretion rate. At low accretion rates (m˙acc ≡ M˙acc/M˙Eddacc ≡ L/LEdd . 10−3, where
LEdd = 4piGMc/κes = 1.25 (M/M)× 1038 erg s−1 is the Eddington luminosity due to
electron scattering), the accreting material forms a hot, optically thin, geometrically
thick disk which is radiatively inefficient with r < 10−3 because of long cooling
time scales (e.g., Yuan and Narayan 2014). At moderate accretion rates (m˙acc ' 0.01–
0.25), the accretion flow forms a cold (relative to the virial temperature), optically
thick, but geometrically thin disk that is radiatively efficient with r(aBH) ' 0.05–
0.2, increasing with increasing black hole spin aBH (e.g., Novikov and Thorne 1973;
Koratkar and Blaes 1999). Above this accretion rate, long radiative diffusion time
scales produce an optically and geometrically thick “slim” disk that is radiatively in-
efficient with r . 10−3 (e.g., Sadowski et al. 2013, 2014; Sadowski and Narayan
2015; Jiang et al. 2014; McKinney et al. 2014, 2015). The relative importance of the
dominant launching mechanisms for outflows in AGN – radiation, thermal pressure,
non-thermal pressure (from cosmic rays), and magnetic forces – also varies with the
mass accretion rate (e.g., Giustini and Proga 2019).
- Radiative Mode of AGN Feedback. For the radiatively efficient AGN, the mechanical
energy injection rate in the so-called “radiative” or “quasar” mode of AGN feedback
may be written
E˙r =  f ,rr M˙accc2 ' 5.7 × 1045  f ,r(r/0.1)(M˙acc/M yr−1) erg s−1, (2)
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where  f ,r is the efficiency of the radiative energy to couple with the local environ-
ment and drive the outflow. Note that this expression implies that the total amount of
injected energy over the lifetime of the black hole is
Er =  f ,rr MBHc2 ' 2 × 1061  f ,r (r/0.1)(MBH/108 M) erg. (3)
This number is two orders of magnitude larger than the binding energy of the bulge
hosting the black hole
Ebulge ' Mbulgeσ2∗ ' 2 × 1059 (Mbulge/1011 M) (σ∗/300 km s−1)2 erg. (4)
This fact alone implies <  f ,r > . 1%, averaged over the active life cycle of the
black hole. This number is not well constrained from numerical simulations, although
values of 0.5%–1% seem to be required if AGN feedback is to suppress star formation
in the host (e.g., Hopkins and Elvis 2010; Hopkins et al. 2016).
- Kinetic Mode of AGN Feedback. For the radiatively inefficient AGN, the mechani-
cal energy injection rate in the “kinetic” or “radio” mode of AGN feedback may be
expressed as
E˙k =  f ,k M˙accc2 ' 5.7 × 1046  f ,k(M˙acc/M yr−1) erg s−1, (5)
where  f ,k is the efficiency of the kinetic energy injected by the AGN to couple to
the local environment and drive the outflow. This kinetic energy may come from both
light relativistic jets and slower but more massive wide-angle winds.
Recent simulations of hot accretion flows give  f ,k ∼ 10−3 (e.g., Yuan et al.
2015). This number includes the contribution from relativistic jets accelerated by
processes associated with the magnetized accretion disk (e.g., Blandford and Payne
1982; Lynden-Bell 2003, 2006; Hawley and Krolik 2006), but may be larger in cases
where the kinetic energy is delivered by jets produced by the Blandford-Znajek mech-
anism (Blandford and Znajek 1977). In these objects, the jet power is extracted from
the black hole spin and Ljet ∝ B2polM2BHa2BH, where Bpol is the poloidal magnetic field
at the black hole horizon and aBH is the black hole spin (aBH = 0.998 for maxi-
mally spinning black holes; Thorne 1974; Yuan and Narayan 2014). Recent slim disk
simulations with non-spinning black holes have shown that outflows are inevitable,
resulting in  f ,k ' 3%, and as high as ∼8% with spinning black holes with aBH = 0.7
(strickly speaking, these numbers include both the radiative and wind energy outputs
so they correspond to  f r +  f ,k in our nomenclature; e.g., Sadowski et al. 2016;
Sadowski and Narayan 2016).
- Cosmic Rays. In analogy with supernova-driven shocks, the interaction of the afore-
mentioned wide-angle sub-relativistic winds and collimated relativistic jets with the
ambient ISM may be an important source of CRs. Protons with energies > 8, 21, and
140 MeV penetrate column densities NH of 2 × 1022 cm−2, 1.2 × 1023 cm−2, and 4
× 1024 cm−2, respectively, and therefore can contribute to heating and ionizing some
of the material in cool outflows (Gonza´lez-Alfonso et al. 2018). Depending on the
details of CR propagation through the ISM, these CRs may also provide a significant
source of pressure that will help drive the large-scale outflows (e.g., Chan et al. 2019;
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Yusef-Zadeh et al. 2019, Sec. 2.2.3). The most extreme ultra-high-energy CRs (UHE-
CRs) with energies > 109 GeV collide with nuclei in the ISM and produce pions that
decay into GeV-TeV γ-rays as well as PeV muonic neutrinos (e.g., Wang and Loeb
2016, 2017; Liu et al. 2018).
- Source Variability. The radiative and non-radiative energy output of AGN may vary
wildly on time scales that are much shorter than the dynamical timescale of large-
scale cool outflows. One should therefore use caution when comparing the properties
of the AGN with the dynamical properties of cool outflows. We recommend using
methods that are insensitive to short-term AGN variability when estimating the AGN
luminosity. For instance, methods based on reprocessed radiation (e.g., mid-infrared
emission) are preferable over methods based on the hard X-ray luminosity to mitigate
the effects associated with short-term (<103–104 yr) AGN variability.
2.2 Driving Mechanisms
The equation of motion of an outflowing shell fragment of mass Msh that subtends a
solid angle Ωsh is
d
dt
[Msh(r) r˙] = Ωsh r2 (Pth + PCR + P jet) +
(
Ωsh
4pi
) (
τ˜Lbol
c
)
− GM(r)Msh(r)
r2
, (6)
where M(r) is the galaxy mass enclosed within a radius r. The terms on the right are
the forces due to the thermal, cosmic ray, and jet ram pressures, the radiation pressure,
and gravity, respectively. Below, we discuss each of the pressure terms separately. In
reality, these pressure forces act together to drive the outflows. Examples of state-of-
the-art outflow simulations that incorporate many of these force terms are shown in
Figures 2 and 3.
Fundamentally, cool outflows may be “energy-driven” or “momentum-driven”,
depending on whether radiative losses are negligible or not, respectively. In the first
case, the outflow is adiabatic and the energy injected in the ambient gas is transformed
into bulk motion at a rate E˙, where E˙ ∝ M˙v2out. For starburst-driven winds, E˙ ∝ M˙∗ so
the mass-loading factor η ≡ M˙/M˙∗ ∝ v−2out (e.g., Murray et al. 2005). Energy-driven
AGN winds where the energy injection rate scales with the black hole mass naturally
lead to MBH ∝ σ5∗, where σ∗ is the stellar velocity dispersion of the host galaxy (e.g.,
Silk and Rees 1998; Murray et al. 2005, Sect. 2.2.1). The corresponding relations for
momentum-driven outflows are M˙ ∝ E˙v−1out, η ∝ v−1out, and MBH ∝ σ4∗ (e.g., Murray
et al. 2005, Sect. 2.2.2). In that case, vout is also expected to linearly scale with the
circular velocity vcirc and, in starburst-driven outflows, vout ∝ vcirc M˙∗0.25−0.50, where
the exact dependence on the star formation rate depends on whether the area of the
momentum injection zone scales linearly or not with the star formation rate.
2.2.1 Thermal Energy
In this scenario, the shell fragment is pushed outward by ram pressure produced by
the over-pressured hot gas in the central regions of the galaxy. The spherically sym-
metric case where radiative losses are negligible (i.e. energy-driven outflow) and the
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gravitational forces are also assumed to be negligible was developed analytically by
Chevalier and Clegg (1985, CCC85) to explain the ionized wind of M 82 in the con-
text of a supernova-driven outflow. The central pressure in the hot cavity in this case
is P0/k ∼ 3 × 105 (M˙∗/M yr−1)(R∗/kpc)−2 K cm−3, where R∗ is the radius of the
injection zone (CC85; also Veilleux et al. 2005). The CC85 wind solution at large
radii for a monoatomic gas with adiabatic index γ = 5/3 has a constant asymptotic
outflow velocity v∞hot '
√
5kThot/µ ' 1500 km s−1(ξ/β)1/2, a gas density ∝ r−2, and a
gas pressure ∝ r−10/3, where Thot ' 1.5×107 K (ξ/β) is the temperature of the hot gas
in the center, µ = 1.36 is the mean mass per particle, ξ is the thermalization efficiency
i.e. the fraction of the kinetic energy by the massive stars that is not lost to radiative
cooling (Sec. 2.1.1), and β is the ratio of the mass injection rate to the star formation
rate. These results agree remarkably well with the X-ray observations of M82 with
ξ ∼ 1 and β ∼ 0.3 (Strickland and Heckman 2009, Sec. 4.2.1). The momentum in-
jection rate of this hot wind is p˙hot = M˙vX ' (2E˙M˙)1/2 ' 5 (ξβ)1/2 L/c, where for
the last approximate equality we used L ' 1010 (M˙∗/M yr−1) L and the relation
between E˙SN and M˙∗ for αS N = 0.01 mentioned in Section 2.1.1. This expression for
p˙hot is similar to that of a radiation-pressure-driven wind in the optically thin limit
(Sec. 2.2.2).
The first energy-driven wind model for AGN was developed by Silk and Rees
(1998). In this model, the mechanical power of the wind is taken to be a constant
fraction of the Eddington luminosity (thus  f ,k ∝ MBH in Eq. (5)) and results in
a dependence on the host galaxy’s velocity dispersion σ∗ of the form MBH ∝ σ5∗.
This is somewhat steeper than the observed relation between the black hole mass and
spheroid velocity dispersion (e.g., Gu¨ltekin et al. 2009; Kormendy and Ho 2013).
A similar energy-conserving hot-bubble scenario has been proposed to explain the
powerful molecular and atomic outflows seen in some ultraluminous infrared galax-
ies (Faucher-Gigue`re and Quataert 2012; Debuhr et al. 2012; Zubovas and King 2012,
2014; Costa et al. 2014; Nims et al. 2015). In this “blast-wave scenario”, the violent
interaction of a fast inner AGN wind with the ISM of the host results in shocked wind
gas at a temperature of 2.0 × 1010 (vwind/0.1c)2 K that does not efficiently cool, but
instead expands adiabatically as a hot bubble. The adiabatically expanding shocked
wind sweeps up gas and drives an outer shock into the host ISM, raising the tem-
perature of the ISM to 2.3 × 107 (vshock/1000 km s−1)2 K (Nims et al. 2015). This
outflowing gas cools radiatively, and most of it “freezes out” into clumps of cold
molecular material (Fig. 3a; Richings and Faucher-Gigue`re 2018a,b). A variant on
this scenario is that preexisting molecular clouds from the host ISM are entrained in
the adiabatically expanding shocked wind, accelerated to the observed velocity with-
out being destroyed by the many erosive forces and instabilities (the pros and cons of
each of these scenarios are discussed in Section 2.3).
In both scenarios, we have by energy conservation 12 M˙outflowv
2
outflow =
1
2 f M˙windv
2
wind,
where the quantities with subscript “outflow” refer to the outer molecular/atomic out-
flow, while those with subscript “wind” refer to the inner X-ray or UV AGN wind.
The efficiency f is defined as the fraction of the kinetic energy of the inner wind that
goes into bulk motion of the swept-up molecular/atomic material. Rearranging the
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(c)$ (d)$
Fig. 2 Simulations of starburst-driven cool outflows: (a) Slice in yz plane of a simulation from Tanner
et al. (2016) at 1.5 Myr. Clockwise from top left: Hα emission (log erg s−1 cm−2), temperature (K),
density (cm−3), and soft X-ray emission (log erg s−1 cm−2); red box indicates zoomed-in region in panel
(b). (b) Close-up of the filament-forming region at six different epochs. (c) Time evolution of the edge-
on column density for simulations dominated by SN thermal energy (top panel) and CR pressure (bottom
panel) in steps of 10 Myr, from Girichidis et al. (2018). (d) Vertical structure of the column density, density,
temperature, CR pressure, thermal pressure, ratio of CR to thermal pressure, and magnetic field strength in
a CR-dominated simulation at t = 100 Myr, from Girichidis et al. (2018). Images reproduced from Tanner
et al. (2016) and Girichidis et al. (2018).
terms, we get
p˙outflow = f (vwind/voutflow) p˙wind (7)
' f (vwind/voutflow) (LAGN/c), (8)
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where the last equality is valid only if the inner wind is radiatively accelerated, i.e.
p˙wind ' LAGN/c, which is often the case for X-ray or UV winds in AGN.
As long as the outflow remains small compared with the scale height or scale
length of the ambient medium, the large-scale outflow will evolve through the same
classic phases of evolution as those of individual SN remnants (Sec. 2.1.1). The
energy-driven outflows discussed above will eventually transition into non-adiabatic
pressure-driven snowplows when T . 106 K and radiative losses (∝ n2) are no longer
negligible. Later on, once the thermal pressure of the hot gas equals that of the am-
bient pressure, the outflow will enter the momentum-conserving (momentum-driven)
snowplow phase and rapidly slow down at it sweeps up more and more ISM gas. The
terminal outflow velocity of a cloud accelerated outward by the ram pressure of a
wind that carries momentum at a rate p˙ into a solid angle Ω is (Heckman et al. 2011)
vram = 570 p˙
1/2
34 (Ω/4pi)
−1/2r−1/20,100N
−1/2
21 km s
−1, (9)
where p˙34 is the rate of momentum carried by the wind normalized to 1034 dynes,
r0,100 is the initial launch radius of the cloud with respect to the central source nor-
malized to 100 pc, and N21 is the column density of the cloud normalized to 1021
cm−2. In cases where the injected energy and momentum from stellar and AGN pro-
cesses are sufficient to drive an outflow on scales comparable to the host galaxy, the
forces associated with pressure gradients in the underlying ambient ISM need to be
taken into account and may help drive the outflow along the paths of least resistance
(e.g., minor axis of a gaseous rotating disk).
2.2.2 Radiation
Direct UV radiation from massive young clusters absorbed by dusty gas can impart
velocities to molecular clouds that are of order their escape velocities from the grav-
ity of the cluster (Murray et al. 2011). Thus radiation can, in principle, drive cold
galactic winds in starbursts with sufficiently high density of star formation activity if
its pressure is efficiently coupled. The necessary condition is that the Eddington ratio
of the radiation force to gravitational force is greater than unity. This is determined
by the opacity per unit gas mass, κ, which is proportional to the dust-to-gas ratio, and
the luminosity-to-mass ratio of the stellar population (Murray et al. 2010; Skinner and
Ostriker 2015). In the single-scattering optically thin limit, the photon is absorbed by
the gas or dust but is not re-emitted, so the momentum flux imparted onto the dust
and gas is simply Labsorbed/c ' (1–e−τUV ) LBOL/c and the condition to drive an outflow
is L > LEdd ' 4piGMc/κUV. This is somewhat relaxed in a turbulent medium, where
under-dense lines of sight can be radiatively accelerated even when L < LEdd in the
bulk of the material (Thompson and Krumholz 2016). Clouds that start as radiatively-
driven experience gentler accelerations, and although they may later be advected in a
hot flow and ultimately destroyed, they can potentially reach large distances and high
velocities (Thompson et al. 2015). In this discussion, we have ignored the fact that
heating of cold clouds irradiated by an energy source will create a pressure imbalance
in the cloud and cause it to lose mass in the direction of the energy source. By the
rocket effect, the cloud will experience an acceleration in the opposite direction (sim-
ilar to what occurs in photoevaporative flows; e.g., Oort and Spitzer 1955; Bertoldi
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and McKee 1990). The results from recent numerical simulations of irradiated cold
clouds embedded in flows of hot and fast material suggest that the impact of this ex-
tra kick in velocity on the accelerated clouds is not significant, except perhaps in the
initial stage of acceleration (e.g., Bru¨ggen and Scannapieco 2016).
Multiple scatterings, occurring when the optical depth to the re-radiated infrared
τIR is large, could magnify the radiation force. A convenient expression that combines
both single- and multiple-scattering processes is (Hopkins et al. 2014, 2018a)
p˙rad = τ˜Lbol/c where τ˜ = (1 − e−τsingle )(1 + τeff,IR). (10)
The value of τ˜ ranges from ∼ τsingle = τUV/optical << 1 in the optically thin case
to ∼ (1 + τeff,IR) & 1 in the infrared optically-thick limit. The effective infrared op-
tical depth, τeff,IR = κeff,IRΣgas, is the “boost factor”and is sometimes expressed as
τeff,IR = τIRβIR, the product of the integrated infrared optical depth, τIR, and a factor
βIR that includes all of the uncertainties in calculating the effective optical depth. To
first order, the condition to drive a radiation-pressure wind under the optical-thick
limit then becomes L > LEdd ' 4piGMC/κeff,IR (note that the dust opacity κeff,IR ∝ ν2
at the relevant IR wavelengths, so the radiation-gas coupling becomes less efficient
as the radiation field diffuses outward of the dusty cocoon). In practice, the predicted
importance of radiation pressure in driving cool outflows depends strongly on the
method used to solve the frequency-dependent radiative transfer equation and derive
this boost factor (see Krumholz et al. 2019, for a recent summary). Simulations based
on the flux-limited diffusion (FLD) approximation suggest that such magnification is
limited, as radiative Rayleigh-Taylor instabilities (RRTI) set in creating dense fila-
ments of matter aligned with the radiation field that limit the momentum transfer and
prevent gas ejection (Krumholz and Thompson 2013). Similarly, simulations using
the M1 closure relation approximation find an anticorrelation between radiative flux
and gas density that limits the radiation force magnification (Rosdahl and Teyssier
2015; Skinner and Ostriker 2015). Other simulations, using the more reliable variable
Eddington tensor algorithm (e.g., Zhang and Davis 2017, Fig. 4c) or implicit Monte
Carlo radiation transfer scheme (Tsang and Milosavljevic´ 2015) are more success-
ful at generating outflows after the onset of the Rayleigh-Taylor instabilities. Zhang
and Davis (2017) have argued that βIR ∼ 0.5–0.9, decreasing with increasing optical
depth (see also Huang et al. 2019).
The above discussion equally applies to starburst- and AGN-dominated systems,
although the star formation rate densities required to radiatively drive a wind may
be very high (Crocker et al. 2018). Radiation pressure is likely the dominant driving
force behind accretion-disk scale fast X-ray winds in AGN and UV broad absorp-
tion line (BAL) outflows in quasars, and may also play a crucial role in driving cool
outflows. Momentum-driven outflows involving radiation pressure forces naturally
produce MBH ∝ σ4∗ (e.g., Fabian 1999; King 2003; Murray et al. 2005; Ishibashi and
Fabian 2018; Ishibashi et al. 2018b; Costa et al. 2018a,b).
2.2.3 Cosmic Rays
Cosmic rays have the potential to efficiently accelerate cold gas, creating a neutral gas
component in the galactic halo that could be an important mass reservoir in galaxies
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(Everett et al. 2008; Socrates et al. 2008; Uhlig et al. 2012). A gradient in cosmic
ray pressure due to cosmic ray streaming and scattering in self-excited Alfve´n waves
can transport gas from the dense regions in the mid-plane to heights of kiloparsecs.
The mass flow is overwhelmingly neutral and warm (104 K), but the velocities are
slower than those obtained with supernova driving (Girichidis et al. 2016). The effi-
ciency of the process is partially related to the global structure of the magnetic field,
as cosmic rays need to stream away from the dense galactic regions along partially
ordered magnetic field lines, but mass-loading factors of order unity appear feasible
in a Milky Way-like galaxy (Ruszkowski et al. 2017). The so-called bottleneck effect,
in which cosmic ray streaming through a cold cloud embedded in hot gas causes a
cosmic ray pressure buildup in the neutral/molecular material and a resulting pressure
gradient, can lead to cold cloud acceleration by cosmic rays (Wiener et al. 2017). This
same effect can over-pressurize cold clouds and lead them to expand and have similar
densities to the hot material (Werk et al. 2014).
The ability of CRs to drive galactic outflows is related to their overall scattering
optical depth τCR ∼ R/λ, where R ∼ kpc is the distance the CRs have to travel to
escape out of the galaxy and λ is the uncertain mean free path of CRs between scat-
tering. The effective momentum injection rate from CRs is then p˙CR ' τCRE˙CR/c '
10−3τCR(L/c), where the last approximate inequality comes from the relations be-
tween E˙CR, M˙∗, and L (Section 2.1.1 and Heckman and Thompson (2017)). The CR
momentum injection rate may thus be comparable to the radiation pressure from mas-
sive stars if λ ∼ pc and τCR ∼ 1000. CR-driven winds are generally denser, colder,
and smoother than the thermal supernova-driven outflows (Fig. 2c; e.g., Pakmor et al.
2016; Ruszkowski et al. 2017; Pfrommer et al. 2017; Gronke et al. 2018; Girichidis
et al. 2018; Bustard et al. 2019; Vijayan et al. 2019).
2.2.4 Radio Jets
This section considers the ram-pressure term in Eq. (6) generated by collimated rel-
ativistic low-density jets from AGN. In this case, the jet injects an energy Ejet =
1
2ρ j2pir
2
in(1 − cos θJ)v3JtJ , where ρJ , vJ , θJ , and tJ are the jet mass density, velocity,
half-opening angle, and duration, respectively, and rin is the inner radius at the base of
the jet where the jet energy is injected into the medium (Bambic and Reynolds 2019).
The impact of this jet on the ambient medium not only depends on Ejet, but also on
the level of interaction of the jet with the medium. For instance, a powerful, highly
collimated jet will simply “drill” through the host galaxy’s ISM without imparting
much energy and momentum to it (e.g., Scheuer 1974; Mukherjee et al. 2016). The
other extreme case where all of the jet kinetic energy is deposited on small scale to
create a hot over-pressured bubble has already been discussed in Section 2.1.1 in the
context of thermally-driven outflows in starbursts (see also Mukherjee et al. 2016).
Fine-tuning of the jet power, kinetic feedback efficiency,  f ,k, and ISM cloud struc-
ture is therefore needed for efficient energy and momentum transfer to disperse a
significant fraction of the gas in galaxies (Wagner et al. 2012; Mukherjee et al. 2016,
2018a,b). Typical jet powers needed to create a jet-driven energy bubble with the
right properties are E˙jet/LEdd & 10−4. Material accelerated at the base of the jets may
reach sub-relativistic velocities that are consistent with ultra-fast outflows detected in
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radio-loud AGN (Wagner et al. 2013). While these radio jets launch strong outflows,
virtually none of the entrained mass reaches escape velocity so it rains back onto the
galaxy as a galactic fountain. In the special case of jets directed through the plane of
a galaxy disk, the jet may stir the kinematics of the multi-phase ISM and affect the
efficiency of star formation (Fig. 3b, Mukherjee et al. 2018b). We discuss this issue
in more details in Sect. 4.5, 3.4.6 and 5.2 below.
(b)$
(a)$
Fig. 3 Simulations of AGN-driven cool outflows: (a) Velocity-integrated maps of CO (1−0) emission
(top row) and CO (1−0) spectra (bottom row) for three different simulations from Richings and Faucher-
Gigue`re (2018b). (b) Left three panels: time-evolution (0.20, 0.75, and 2.14 Myr) of the density in the jetted
outflow simulation of Mukherjee et al. (2018b), where the jet is tilted by 45◦ from the plane of the disk.
The right panel shows the vertical velocity field in units of 100 km s−1 at 2.14 Myr. Images reproduced
from Richings and Faucher-Gigue`re (2018b) and Mukherjee et al. (2018b).
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2.3 Physical Origin of the Outflowing Cool Gas
Mass loading of outflows with cool gas can arise from two fundamental causes: me-
chanical drag leading to the entrainment of cool gas in a hot, fast-moving fluid, and
direct acceleration of the cool gas through radiation or cosmic ray pressure (e.g.,
Kim and Ostriker 2018). A third possibility is to create the cool gas starting from
the hot wind material, through cooling and condensation. Part of the complexity of
understanding the driving of galactic outflows is due to the fact that several of these
processes may be taking place simultaneously. Hot outflows from the blowout of
over-pressured regions surrounding a starburst will be concomitant with large radia-
tion fields and the associated radiation pressure, for example, making it difficult (and
to some extent artificial) to separate them. It has been suggested that, in order to drive
cool outflows efficiently in the context of galaxy evolution, several of these mech-
anisms need to operate simultaneously (Hopkins et al. 2012). Below we discuss in
more detail entrainment and in situ formation. Direct acceleration by radiation and
CR pressure has already been discussed in Sections 2.2.2 and 2.2.3, respectively, so
it is not repeated here.
2.3.1 Cool Gas Entrainment
The acceleration of cold clouds by a warm, fast wind has proven a difficult problem
to solve. The density contrast between the cool material and the hot supersonic wind
is χ ' 103 − 104 (e.g., Scannapieco and Bru¨ggen 2015), which already suggests
that imparting momentum to a dense “cloudlet” is going to require a substantial flow
of the lighter outflow warm fluid. In the standard acceleration calculation, a dense
cloudlet is placed in the fast hot flow. When the flow encounters the cloud, it develops
a shock that compresses it and starts to ablate and shred it on a “cloud crushing”
timescale, tcc, equal to the ratio of the ratio of the time for the hot flow to travel
the radius of the cloud multiplied by χ1/2 (Klein et al. 1994). Accelerating the cloud
to the speed of the wind requires that the mass in the flow that impacts the cloud
is similar to the mass of the cloud itself. This in turn requires a length of time that
is tacc ∼ χ1/2 tcc  tcc. Therefore, in the absence of a stabilization mechanism, it
would appear that clouds are destroyed through Rayleigh-Taylor fragmentation and
shear-driven Kelvin-Helmholtz instabilities induced by the flow faster that they can
be accelerated by it, a result also obtained by detailed hydrodynamic simulations
(Cooper et al. 2009; Scannapieco and Bru¨ggen 2015; Schneider and Robertson 2017).
Clouds with realistic density distributions are destroyed faster than spherical clouds
of uniform density (Schneider and Robertson 2015). The material from the destroyed
cloud joins the flow, mass-loading the hot phase.
Possible stabilization mechanisms for cold material advected in a fast flow are
radiative cooling and magnetic fields. As the cloud experiences the initial crushing
shock its density increases. If the material can efficiently cool radiatively, the denser
clumps formed will likely survive for a longer period of time (Cooper et al. 2009).
In fact, if the cooling is fast enough compared to the cloud crushing time, a cloudlet
may grow in mass by acting as a condensation seed that accretes newly cooled gas
(Marinacci et al. 2010; Armillotta et al. 2016, 2017; Gronke and Oh 2018, 2019). In
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supersonic flows Kelvin-Helmholtz instabilities are suppressed, slowing down cloud
disruption, and as the cloud is compressed it develops a pressure gradient along the
flow direction that causes a filamentary structure to develop. The lower cross sec-
tion to the flow means the drag forces are reduced, resulting in a slower acceleration
despite the increased lifetimes (Scannapieco and Bru¨ggen 2015). Clouds with effi-
cient thermal conduction experience ablation of their outer layers, in contact with the
hot flow, which results in an additional acceleration due to the rocket effect but also
hastens their destruction (Marcolini et al. 2005). The lifetime of the cloud in these cir-
cumstances depends on the balance between radiation, conduction, and the disrupt-
ing instabilities (Orlando et al. 2005), but it appears that on balance longer lifetimes
do not translate into reaching faster flow velocities before destruction (Bru¨ggen and
Scannapieco 2016). Magnetic fields can suppress conduction (Orlando et al. 2008),
and tangled magnetic fields threading a cloud may help stabilize it against disrup-
tion (McCourt et al. 2015). In strongly magnetized winds, simulations suggest that
magnetized clouds experience additional drag forces that result in much faster ac-
celerations (McCourt et al. 2015; Banda-Barraga´n et al. 2016, 2018, 2019; Grønnow
et al. 2018). There may be some recent observational support for this magnetized
outflow scenario in one object (Leaman et al. 2019). The effects of the different cloud
destruction mechanisms are a function of parameters such as the cloud column den-
sity and the temperature of the medium, with different physics dominating in different
regions of parameter space (Li et al. 2019).
2.3.2 In-Situ Formation from the Hot Wind Material
It is possible for a cold phase to form in situ via thermal instabilities and condensation
from hot gas with a cooling time shorter than its dynamical time (Efstathiou 2000;
Silich et al. 2003). Because adiabatic cooling due to expansion acts to lower the gas
temperature into a regime where runaway radiative cooling takes over, this appears
to be a general expectation. The efficiency of this process is strongly dependent on
the mass-loading of the hot phase, thus increased mass-loading due to destruction of
entrained cold clouds in the inner regions of the flow may play an important role in
causing thermal instabilities to develop (Thompson et al. 2016). Also, systems with
larger surface densities of star formation rate are expected to have shorter cooling
times. In strongly mass-loaded systems with high star-formation rates, which may
correspond to outflows from ULIRGs, the result from the cooling instability may be
material that has enough density to turn molecular and enough column density to self-
shield from the dissociating metagalactic radiation field (Thompson et al. 2016). In
this picture X-ray emission arises from recombination, as the outflow progressively
cools down, which may explain the strong spatial coincidence between Hα and soft
X-ray emission observed in galaxy winds. Because of the expected strong correlations
between mass loading, velocity, and temperature, this scenario predicts a correlation
between the observed wind velocities and the local escape velocity, as well as faster
velocities for the lower column densities (Martin 2005; Rupke et al. 2005c). The
ultimate fate of the wind would be to populate halos with cool gas, as the expanding
wind cools adiabatically first to a point where runaway cooling takes over, or shocks
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(d)$
Fig. 4 Simulations of accelerated cool clouds: (a) Time series evolution of a turbulent cloud embedded in
a wind, from Schneider and Robertson (2017). The panels on the left show the surface density projected
along the y-axis, with the wind entering the box on the left, while the right column shows the same quantity
in the direction of the wind velocity. (b) Same as (a) but for different internal density distributions, from
Banda-Barraga´n et al. (2019). The wind enters from the bottom in this case. (c) Density distribution at
five different epochs, from the two-dimensional radiation hydrodynamical simulations of dusty winds from
Zhang and Davis (2017). (d) Density distributions at three different times when cooling is slow (left panels)
and fast (right panels), from Gronke and Oh (2018). Images reproduced from Schneider and Robertson
(2017), Banda-Barraga´n et al. (2019), Zhang and Davis (2017), and Gronke and Oh (2018).
the ambient circumgalactic medium which then cools in less than a Hubble time
(Thompson et al. 2016).
Can cooling and condensation explain the observations of molecular material in
winds? For the material to become molecular, hydrogen atoms need to combine to
produce molecular hydrogen. Because of the symmetry of the system and the lack of
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a permanent dipole, gas phase reactions between neutral atoms for formation of H2
proceed extremely slowly (Gould and Salpeter 1963). The dominant gas channel for
H2 formation in the gas phase starts with the formation of a H− ion through radiative
association, followed by formation of H2 via associative detachment. But this process
is also slow, and likely dominant only in the very early universe (Glover et al. 2006).
To explain its abundance in the dense ISM, it has been long accepted that H2 for-
mation is catalyzed by dust grains, where the dust surface provides a substrate for H
atoms to find each other efficiently and combine (Gould and Salpeter 1963; Hollen-
bach and Salpeter 1971). If the dust grains immersed in low density, high temperature
gas are warm, this may impact their ability to form molecular hydrogen (note that the
equilibrium temperature of the grains is determined by the radiation field at these
densities). The precise mechanism through which the dust catalysis of H2 formation
occurs, and hence its temperature dependence, are matters of debate, and hence it
is unclear how efficiently H2 formation would proceed on warm dust-grain surfaces
(Le Bourlot et al. 2012). Moreover, dust grains immersed in hot gas experience de-
structive sputtering due to grain charging and gas-grain collisions. Dust grains of size
∼ 0.1 µm immersed in a T > 106 K hot plasma of density ∼ 10−2 cm−3 have a lifetime
of only a few 106 years (Draine and Salpeter 1979a, see eq. 61 in Sec. 3.5.6 below).
This implies that even when neglecting the effects of shocks (which are also very
destructive, Jones et al. 1994; Slavin et al. 2015), once grains are immersed in the hot
phase they only last for a few million years before being destroyed. Taken together,
this suggests that reforming a molecular phase from hot material through cooling and
condensation could be very difficult.
Independently, it seems clear that many of the observations of molecular gas in
winds cannot be explained by material that is condensed from the hot phase. The
mm-wave observation of complex molecules (HCN, HNC, HCO+) in some of the
molecular outflows strongly suggests that the gas started as molecular, dense, and
chemically rich (Aalto et al. 2012; Walter et al. 2017). Some of these molecular tran-
sitions appear enhanced in outflows, but this is likely to be due to either shock chem-
istry or excitation effects, not incorporation of material condensed from the hot phase
(Aalto et al. 2012). Some observations show that the dynamical age of the outflow-
ing features that contain these molecules is short, likely too short for the molecules
to have formed in the flow. Time-dependent calculations of chemistry and molecu-
lar cloud formation in colliding flows find that, even in relatively dense and benign
conditions in the neutral galactic ISM, it takes a few Myr for the material to become
predominantly molecular, and several Myr for it to emit brightly in CO (Clark et al.
2012). By contrast, the dynamical time scale of some CO-emitting features in out-
flows is ∼ 1 Myr (for example in NGC 253, Walter et al. 2017), strongly pointing to
an entrainment origin for the molecular gas.
2.4 Minimum Requirement for the Outflowing Material to Escape the Host Galaxy
An important question is whether the outflowing material escapes the host galaxy
altogether or remains bound to it and thus is deposited in the CGM. A necessary con-
dition to escape the gravitational potential of a galaxy is for the material to have a
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radial outflow velocity that exceeds the local escape velocity (it is not a sufficient
condition since drag forces may be important). Assuming a spherically symmet-
ric galaxy with gravitational potential Φ(r), the local escape velocity is given by
v2esc(r) = 2
∫ ∞
r Φ(r)dr = 2[Φ(∞) − Φ(r)]. For a singular isothermal sphere, where
the mass M(< r) diverges at large r but the circular velocity vcirc is a constant,
v2esc(r) = 2 v
2
circ ln(rhalo/r), so it slowly diverges for large rhalo/r (Binney and Tremaine
2008). To avoid this divergence, one often truncates the singular isothermal sphere at
a radius rhalo = rmax. In that case, v2esc(r) = 2[Φ(∞) − Φ(rmax) + Φ(rmax) − Φ(r)] =
2v2circ[1 + ln(rmax/r)], so
vesc(r) = vcirc
√
2
[
1 + ln
( rmax
r
)]
. (11)
In more realistic galaxies where the gas is supported by a combination of rotational
and random motions, the circular velocity may be replaced by vcirc =
√
2S , where
the kinematic parameter S is defined as S 2 ≡ 0.5v2rot + σ2gas (vrot and σgas are the
observed rotation velocity and velocity dispersion of the ISM in the host galaxy) and
scales with the stellar mass following log S = 0.29 log M∗–0.93, where S is in km
s−1 and M∗ is in M (Weiner et al. 2006; Kassin et al. 2007), in low-z star-forming
galaxies (Heckman et al. 2015; Simons et al. 2015). The value of vesc is not sensitive
to rmax/r (e.g., for rmax/r = 10 − 100, vesc/vcirc = 2.6 − 3.3). A rather conservative
simplification when studying galaxy-scale outflows is to choose vesc(routflow) ' 3vcirc,
which implicitly assumes rmax/routflow ' 33. When studying CGM-scale flows, the
radius rmax may be substituted with the virial radius rvir ' vcirc/10H(z) (in Mpc),
where H(z) is the Hubble parameter at redshift z (e.g., Schroetter et al. 2016). In that
case, vesc(rCGM) ' 2vcirc generally is a reasonable approximation (rvir/rCGM ' e). The
issue of the fate of the cool outflowing material is discussed in Sections 5.6 and 6.4.
3 Observational Techniques and their Limitations
This section is a critical review of the methods used to detect and characterize the
properties of cool outflows in galaxies, near and far. First, we briefly discuss the
most commonly used criteria to distinguish the outflowing gas from the quiescent
material in the host galaxy, and describe the basic formulae used to derive the key
dynamical quantities of the outflow. The remainder of this section describes from a
practical point of view the various techniques and diagnostics that have been used to
detect and characterize the outflowing material, starting with the neutral-atomic gas,
followed by the molecular gas, and concluding with the dust in these outflows.
3.1 Kinematic Definition of an Outflow
All of the properties of the outflows discussed in this review rely on a robust decom-
position of the outflowing material from the dominant non-outflowing material. This
is a non-trivial task that adds uncertainties to the outflow properties.
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3.1.1 Spatially Unresolved Outflows
When the outflow is spatially unresolved, one has to rely on the detection of faint
wings in the velocity profile of the spatially integrated absorption and/or emission
line to determine the portion of the gas that is outflowing out of the galaxy. Emission
line features have the disadvantage of being ambiguous in terms of flow direction,
when the line-emitting gas is optically thin and unaffected by dust or other absorb-
ing material within the outflow structure. Velocity thresholds have traditionally been
used to identify the outflowing gas, but these thresholds vary wildly in the literature.
In principle, these kinematic thresholds should be adjusted on an object-by-object
basis to account for the range of velocities associated with gravitational motions (ro-
tation, random motion, inflow), based on the mass of the host galaxy. Parametric
decomposition of the observed profiles into a “narrow” and “broad” velocity compo-
nents is often carried out to quantify the fraction of the emission / absorption that lies
in the wing(s) of the profiles. The dominant narrow component, responsible for the
core of the line profile, is associated with gas in the gravitational potential of the host
galaxy while the broad component is associated in part with the outflow. The width
of the narrow component is a proxy for the mass of the galaxy and therefore can be
used to define the kinematic threshold above which the outflowing material becomes
significant in the broad component (e.g., Lutz et al. 2019)
The use of the formulae in Section 3.2 requires a characteristic outflow velocity.
This velocity may be derived from the above parametric decomposition procedure
or using non-parametric methods such as interpercentile range measurements (e.g.,
Whittle 1985; Veilleux 1991). Typically, one selects v50 or v84. The maximum out-
flow velocity (e.g., 98-percentile velocity, v98, of the integrated or broad-component
profile) should not be used in these formulae since (1) it overestimates the character-
istic velocity and thus the energetics of the outflow, and (2) it is much more sensitive
to noise than other more appropriate measurements of the maximum outflow velocity
such as |v84| or |v50| + 2σ, where σ is the velocity dispersion of the broad compo-
nent (note that |v98| = |v50| + 2σ for a Gaussian velocity distribution; e.g., Rupke and
Veilleux 2013b).
3.1.2 Spatially Resolved Outflows
The identification of the outflowing gas in cases where the outflow is spatially re-
solved usually relies on comparisons between the observed velocity field and line
width distribution and the predictions from that of a differentially rotating disk of ma-
terial with some level of random motion normal to the disk, taking into account the
finite spectral resolution of the instrument as well as the effects of beam smearing of
the velocity field associated with the finite width of the instrumental beam size. Beam
smearing will effectively flatten velocity gradients and broaden the widths of the ob-
served line profiles where the gradients are steeper (e.g., 3DBAROLO; Di Teodoro
and Fraternali 2015). This method works well when the outflow is fast and power-
ful but fails when the signatures of the outflow in the line profiles are more subtle.
The next level of analysis consists in trying to capture these more subtle signs of the
outflow in the line profiles (shoulders, wings) by parametrizing the line profiles at
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each position in the outflow and galaxy as a sum of 2-3 components and assign the
component that shows signatures of rotation (e.g., clear velocity gradient in the same
direction as the stars) to the gravitationally dominated component in the host galaxy
and the other(s) to the outflow (e.g., Rupke and Veilleux 2013b). The definitions dis-
cussed in Sec. 3.1.1 for the characteristic velocity and flux assigned to the outflow
material can then be applied for the individual profiles at each position. Constraints
or initial guesses on the parameters of the individual components based on the results
of fits in the neighboring pixels may be used to guard against unphysical discontinu-
ities on sub-beam scale. An iterative method may be used to remove contamination
from a bright central point source (e.g., quasar; Rupke et al. 2017).
The above method will fail if the line-emitting material is not well resolved by the
beam. Assuming the source is strongly detected, one solution is to look for the resid-
uals in the integrated profiles after fitting and removing a Gaussian source model at
each velocity channel (e.g., Veilleux et al. 2017). First, a two-dimensional Gaussian
is fit to the image for each channel in the region where a source is detected. These
results are then used to make a smooth source model with linearly changing posi-
tion as a function of velocity (to account for a possible velocity gradient), Gaussian-
changing intensity, but constant size and orientation. This smooth source model is
then removed from each velocity slice to arrive at a “residuals” cube. The high S/N
of the detection allows to centroid the source in each channel with very good sub-
beam precision. The “high-velocity” emission, which cannot be accounted for by the
gas in pure rotation, is identified as the outflowing material. In cases where the data
cubes are based on interferometric data, the results from the analysis on the imaging
data may also be checked independently by deriving the sizes and fluxes of the wing
emission from a fit of the data directly in the uv plane (e.g., using CASA uv-Plane
Model Fitting routines uvmodelfit and uvmultifit from the library of Martı´-Vidal et al.
2014).
3.2 Derivation of Outflow Energetics: Basic Formulae
In cases where the outflow is not spatially resolved, one has to assume an outflow
model. The simple case of an optically thin, spherically symmetric mass-conserving
free wind, with an instantaneous mass outflow rate and velocity that are independent
of radius within the wind and zero outside, is discussed in Rupke et al. (2005c). The
mass outflow rate at a radius r within the wind is given by
M˙ = Ωµmpn(r)vr2, (12)
where mp is the proton mass, µ ' 1.36 is the mass per H nucleus taking into account
the relative He abundance, v is the outflow velocity, andΩ is the solid angle subtended
by the wind as seen from its origin (i.e. the wind’s global covering factor). This last
term includes a large-scale covering factor (related to the wind’s opening angle),
given by CΩ, and a small-scale covering factor (related to the wind’s clumpiness),
C f . Thus, Ω/4 pi = CΩC f (Rupke et al. 2005b). The hydrogen number density n(r)
is related to the measured hydrogen column density N =
∫ r2
r1
n(r) dr for a wind ex-
tending from inner radius r1 to outer radius r2. Assuming a density profile n(r) ∝ r−2
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(e.g., an isothermal sphere), the instantaneous (local) mass outflow rate across any
radius r within the wind is
M˙instthick = ΩµmpNv
r1r2
∆r
, (13)
where ∆r = r2 − r1, and the corresponding mass of the wind is
Mthick = ΩµmpNr1r2. (14)
The mass outflow rate averaged over the wind lifetime ∼ r2/v is
M˙avgthick = ΩµmpNvr1, (15)
If the wind is a thin shell of radius r ∼ r1 ∼ r2, the corresponding equations are
M˙instthin = ΩµmpNv
r2
∆r
, (16)
M˙avgthin = ΩµmpNvr, (17)
Mthin = ΩµmpNr2. (18)
Note that, in both the thick- and thin-shell cases, the time-averaged mass outflow
rates are a factor of ∆r/r lower than the local instantaneous rates.
The momenta and kinetic energies and their outflow rates are
p = M v, (19)
p˙ = M˙ v, (20)
E = M (v2/2 + 3σ2/2), (21)
E˙ = M˙ (v2/2 + 3σ2/2), (22)
where the energy includes both the “bulk” kinetic energy due to the outflowing gas
and “turbulent” kinetic energy (where we assume the same velocity dispersion σ in
each dimension).1
Recall that n(r) ∝ r−2 was assumed. All of the above quantities need to be mul-
tiplied by a factor of 3 if the spherical (or multiconical) volume is instead filled with
uniform density. Note, however, that the quick drop-off in the radial intensity profile
generally seen in outflows seems inconsistent with this picture (Fig. 5). Thus we favor
the above equations for the calculations of the energetics.
In cases where the wind is spatially resolved, the integrated mass of outflowing
material is simply M = µmp
∫
NdA, where the integral of the two-dimensional hy-
drogen column density distribution of the outflowing material is carried out over the
projected area of the outflow. If the observed outflow velocity varies with position,
then one needs to modify the above equations for the outflow mass, momentum, and
energy rates by letting each position on the sky (corresponding to a unique angular
coordinate with respect to the wind’s center) have its own velocity, mass, momentum,
1 Note that there is a typographical error in the numerical formulae of Rupke et al. (2005c): in their
equations 13-18, the normalization factor of the column density N should be 1020 cm−2 rather than 1021
cm−2. The outflow energetics published in Rupke et al. (2005c) are based on the correct formulae and not
affected by this error.
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Fig. 5 Three commonly adopted outflow histories and their effects on the radial density profile and con-
version from outflow mass to outflow mass rate. From left to right, the panels show the outflow history, the
average radial density profile (local cloud conditions may differ from this average), the simulated moment
0 map (for a modest 20◦ half opening angle flow seen with flow axis inclined by 60◦ with respect to the
line of sight), and the equation for conversion from outflow mass to outflow mass rate. From top to bottom,
the three cases are constant outflow history, constant average volume density in cone (requiring a decaying
outflow history), and thin outflowing shell. Images reproduced from Lutz et al. (2019).
and energy on the thin shell (see Shih and Rupke 2010). The outflow rates are derived
by dividing these quantities by the dynamical time r/v at each position in the wind.
Note that all of the above formulae are expressed in terms of the column density, and
are in this form more appropriate for absorbing material. In cases of line-emitting
material, then one needs to compute the gas mass at each location on the sky.
Projection effects add uncertainties to the results of these computations. In nearby
systems where the outflows are well resolved, attempts have been made to account for
these projection effects by fitting the observed velocity field with the predictions from
simple three-dimensional kinematic models (e.g., bipolar bubbles, biconical outflows,
filled-in geometries instead of shells; e.g., Veilleux et al. 1994; Rupke and Veilleux
2013b). This often cannot be done at higher redshifts.
3.3 Diagnostic Tools of the Neutral-Atomic Gas Phase
A broad diversity of techniques and diagnostic tools have been used to study the
neutral atomic component of galactic outflows (Fig. 6). These tools and techniques
can be divided into three broad categories based on the use of the strongest transitions
from: (1) hydrogen itself, (2) the most abundant neutral chemical elements, or (3) the
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most abundant singly-ionized chemical elements with first ionization potential below
13.6 eV. Below we discuss in turn each of these diagnostic tools. In the following
discussion, a “resonant transition” corresponds to the absorption of a photon from
the ground state and re-emission to the same lowest level of the ground state, while a
“non-resonant transition” takes place when the photon is re-emitted to an excited level
of a ground state that has multiple levels due to fine structure splitting (non-resonant
transitions are traditionally labeled with a ∗ such as Fe II∗). Below, we adopt the
usual nomenclature for absorption systems based on their hydrogen column density
NH: damped Lyα absorbers or “DLAs” have NH > 2 × 1020 cm−2 and Lyman Limit
Systems or LLS have NH > 1016.2 cm−2.
3.3.1 H I 21 cm
Most of the hydrogen in space far from the sources of ionization is neutral and in
the ground state, but this ground state exhibits hyperfine splitting. The “spin-flip” H I
21-cm (1.420-GHz) emission line is produced when the slightly excited electron in
neutral hydrogen flips its spin to enter a lower energy state, going from parallel to
anti-parallel with the spin of the proton. The so-called spin temperature, Ts, sets the
relative populations of these two energy levels. H I 21 cm has been detected in several
cool outflows, either in emission or in absorption against the radio continuum. This
technique has been reviewed by Morganti and Oosterloo (2018) in a general extra-
galactic context, so here we only focus on the essentials relevant to cool outflows.
The strength of H I 21 cm is generally a direct measure of the H I column density,
although corrections apply at very low densities (e.g., Liszt 2001). When H I 21 cm
is in emission,
N∗H I = 1.823 × 1018cm−2
∫
Tb(v)[K] dv [km s−1], (23)
where Tb(v) is the observed profile of the H I emission line as a function of velocity,
so the H I equivalent width EW(H I) =
∫
Tb(v) dv. This expression underestimates
the actual value of NHI if the H I emission is not optically thin. The ratio NHI/N∗HI =
τHI/[1− exp(−τHI)], where τHI is given by the following equation (Fukui et al. 2015),
τH I =
NH I [K km s−1]
1.823 × 1018 ×
1
Ts[K]
× 1
∆vH I [km s−1]
. (24)
When H I is seen in absorption against the continuum,
NHI = 1.823 × 1018cm−2 Ts[K]
∫
τ(v) dv [km s−1]. (25)
In this expression, the optical depth is defined as τ(v) = −ln[1 + ∆T (v)/c f Tc], where
∆T (v) is the observed absorption spectrum, expressed in terms of the brightness tem-
perature relative to Tc, the brightness temperature in the continuum, and c f is the
covering factor, i.e. the fraction of the continuum source that is covered by the H I
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absorbers. If we make the (generally reasonable) assumption that τ(v) << 1, this ex-
pression becomes
NHI = 1.823 × 1018cm−2 Tsc f Tc
∫
|∆T (v)| dv [km s−1], (26)
The H I column density derived from the absorption feature thus depends on the spin
temperature and optical depth, which itself depends on the covering factor. These
dependencies make the H I column densities derived from H I 21 cm absorption line
more uncertain than those derived from the H I 21 cm emission line. Ts is typically
∼100 K unless the absorbing gas is affected by the radiation field of a powerful nearby
continuum source (e.g., AGN or starburst). In that case, Ts will depend on the density
of the absorbing gas and the location of this gas relative to the source(s) of radiation
(e.g., Bahcall and Ekers 1969).
3.3.2 Hydrogen Lyα
In most astrophysical environments, the electron of neutral hydrogen is in its ground
electronic state (n = 1) so the resonance electric-dipole transition between the ground
state and the first energy level (n = 2), H I Lyα λ1216, is the strongest line in the
spectrum. The detection of this line in absorption is a powerful tracer of the column
density of neutral hydrogen along the line of sight from the background continuum
source to the observer. In the linear regime, we simply have N(H I) = W(Lyα)λ /(λ f ),
where f , λ, and W(Lyα)λ are the oscillator strength, wavelength (in vacuum, in the
rest frame), and equivalent width of Lyα. Unfortunately, this simple equation only
applies when the optical depth is << 1, corresponding to N(HI) . 1014 cm−2. Above
these values, the two quantities follow a curve-of-growth relation, with a flat portion
where EW ∝ √ln(N) for N(H I) ∼ 1014–1018 cm−2 and a square-root portion EW
∝ √N above 1018 cm−2 (e.g., Hummels et al. 2017). In most circumstances, Lyα is
not in the linear regime and detailed fitting of the damping wings is required to derive
accurate N(H I). An alternate way of deriving N(H I) is to avoid Lyα altogether and
use the fainter lines of the Lyman series from ∼926 down to ∼918 Å, ignoring the
higher wavelength transitions due to blending (e.g., Zech et al. 2008). A standard
curve-of-growth analysis can then be used to derive N(H I).
We have so far ignored sources (e.g., H II regions, AGN) or sinks (e.g., dust, H2)
of Lyα photons, but these need to be taken into account when evaluating the hydrogen
column densities. Lyα photons may be produced through a number of processes: (1)
recombination radiation following hydrogen photoionization by a nearby AGN or
star-forming galaxy, (2) collisional excitation, (3) collisional ionization followed by
recombination radiation, and (4) Lyα scattering (sometimes called “fluorescence” in
the literature) of the photons produced in the AGN or within the ISM of a star-forming
galaxy. In the first case of recombination radiation, the strength of Lyα is a measure
of the amount of ionized material rather than neutral material:
Mionized = Ce
mpL(Lyα)
neαeffLyαhνLyα
, (27)
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where αLyα ∼ 2 × 10−13T−1.264 cm3 s−1 is the effective Case B Lyα recombination co-
efficient (Cantalupo et al. 2008), and Ce ≡ 〈n2e〉/〈ne〉2 is the electron density clumping
factor, which can be assumed to be of order unity on a cloud-by-cloud basis (i.e. each
cloud has uniform density). Note, however, that for the reasons discussed below, Hα
or strong collisionally excited metal lines, such as [O III] λ5007, are more reliable
indicators of the ionized mass of outflows than Lyα. So, for completeness, we list the
relations between the luminosities of these lines and the ionized masses2:
Mionized = 3.3 × 108 CeL44(Hα)ne,3 M, (28)
Mionized = 5.3 × 107 CeL44([O III 5007])ne,310[O/H] M, (29)
where L44(Hα) and L44([O III] 5007) are respectively the luminosities of Hα and [O
III] λ5007, normalized to 1044 erg s−1, ne,3 is the average electron density, normalized
to 103 cm−3, Ce is the electron density clumping factor defined earlier, and 10[O/H] is
the oxygen-to-hydrogen abundance ratio relative to the solar value.
Lyα emission via collisional excitation may be more important than recombi-
nation emission if T ' 2–5 × 104 K and the medium is partially ionized (i.e. both
neutral hydrogen and free electrons are present; Cantalupo et al. 2008). For temper-
atures above ∼105 K, collisional ionization dominates over collisional excitation. An
external source of heating (e.g., AGN, starburst, shocks) is needed to balance radia-
tive losses due to collisional excited Lyα, otherwise the electron temperature quickly
drops, effectively stopping the production of Lyα emission. If collision excitation
dominates, one can estimate the neutral gas mass:
Mneutral = Ce,HI
mpL(Lyα)
neqeffLyαhνLyα
, (30)
where qeffLyα is the effective collisional excitation coefficient for Lyα emission and is
a steep function of T (e.g., Giovanardi et al. 1987), and Ce,HI ≡ 〈nenHI〉/〈ne〉〈nH I〉
is the clumping factor of the partially ionized gas, which can be assumed to be of
order unity on a cloud-by-cloud basis (i.e. each cloud has uniform H I and electron
densities).
The scattering scenario is only important when the gas is not (photo-)ionized i.e.
the density of neutral hydrogen is high enough for the Lyα depth at line center,
τ0 = 3.3 × 10−14T−1/24 N(HI), (31)
to be significant. The source of radiation must therefore produce copious amounts
of Lyα and continuum photons slightly blueward of Lyα, but not below 912 Å to
avoid photoionization. During scattering, the Lyα photons will perform a random
walk both in space and frequency, and will only be able to escape from the outflow
when scattered in the wings of the line profile.
2 Both eq. (28) and (29) assume T ∼ 104 K, while eq. (29) further assumes that ne . 7 × 105 cm,−3 the
critical density associated with the [O III] 5007 transition above which collisional de-excitation becomes
significant.
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Dust may absorb Lyα photons as they perform their random walk. The optical
depth due to dust τd = NHσd ' 0.72 × 10−21 NH at the wavelength of Lyα for a
LMC-type dust (Laursen et al. 2009). The energy absorbed will increase the tem-
perature of the dust grain, which will cause the grain to re-radiate in the infrared.
The impact of dust increases with increasing N(H I) because Lyα scattering becomes
more important. This effectively lengthens by a factor of τ0 the path of the Lyα pho-
tons through the dusty medium and thus increases the chance that Lyα is absorbed by
the dust. The dust grain can also scatter the Lyα photon with a probability given by
its albedo, As = 0.32 at the Lyα wavelength for dust made mainly of graphite and sil-
icates (Li and Draine 2001). Finally, in cases where the source of Lyα is surrounded
by molecular gas, Lyα may pump lines of the H2 Lyman bands that are <100 km s−1
redward of Lyα, and thus may be destroyed (e.g., Neufeld 1990).
Overall, the calculation of the emergent Lyα emission is complex, since it de-
pends on the details of the gas structure, ionization, and kinematics as well as the
relative distribution of the sources and sinks of Lyα photons. A quantitative inter-
pretation of the observed Lyα profiles generally requires three-dimensional radiative
transfer calculations where all of the relevant spatial and kinematic information is
provided as input. Remarkably, simple expanding spherical shell models (e.g., Ver-
hamme et al. 2008; Dijkstra 2017; Gronke 2017) provide a relatively good match to
the observed integrated Lyα profiles of outflowing gas in high-z galaxies, though not
always (Dijkstra 2017). More recent simulations now consider well resolved turbu-
lent cloud structures (Kimm et al. 2019) and the impact of cosmic rays on the Lyα
spectrum (Gronke et al. 2018).
3.3.3 Na I D λλ5890, 5896
The Fraunhofer D1 and D2 lines of neutral sodium at 5896 and 5890 Å, first identified
in the solar spectrum, are by far the strongest lines from this element in the visible
range. Since the first ionization potential of sodium is only 5.14 eV (∼2400 Å), Na I D
is an excellent tracer of neutral hydrogen, but dust is generally required to provide
shielding for Na I against non-ionizing UV sources. Na I D is often detected in ab-
sorption against the continuum of galaxies, and indeed a correlation is seen between
the strength of the Na I D absorption feature and dust extinction traced by the color
excess, E(B–V) (Veilleux et al. 2005). Na I D has also been observed as redshifted
emission in a few objects (Phillips 1993; Rupke and Veilleux 2015; Roberts-Borsani
and Saintonge 2019), in which case it can be used in combination with the blueshifted
absorption feature to further constrain the geometry of the cool outflow (Prochaska
et al. 2011).
The general expression for the intensity of a single absorption line, assuming a
continuum level of unity, is
I(λ) = 1 −C f (λ) + C f (λ)e−τ(λ), (32)
where C f is the line-of-sight covering fraction or the fraction of the background
source producing the continuum that is covered by the absorbing gas. The optical
depth τ(λ) can be expressed as a Gaussian under the curve-of-growth assumption
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(i.e. a Maxwellian velocity distribution)
τ(λ) = τ0e−(λ−λ0)
2/(λ0b/c)2 , (33)
where τ0, λ0, and b are the central optical depth, central wavelength, and Doppler
width (b =
√
2σ = FWHM/[2
√
ln2]), respectively. Note that Gaussians in opti-
cal depth translate into observable non-Gaussian intensity profiles for optical depths
greater than unity. C f is generally unity in the case for quasar, stellar or GRB sight-
lines through the ISM, CGM, or IGM, since the background light source in each of
these cases can be approximated as a point source. However, when the background
light source subtends a significant angle on the sky relative to the absorbing gas (as in
the case that concerns us where the background continuum source is the host galaxy
itself), C f may depend on wavelength (velocity) and position (if the absorbing gas
is spatially resolved). In these cases, a degeneracy arises when solving for optical
depth and covering fraction for a single line. This degeneracy is typically broken by
observing two or more transitions in the same ion, with the same lower level, whose
relative optical depths can be computed exactly from atomic physics. This is the ori-
gin of the doublet ratio method where it can be shown that the ratio of the equivalent
widths of the two lines in the doublet is a monotonic function of the central optical
depth of either line (see equation 2-39 and Table 2.1 in Spitzer 1968) as long as C f is
independent of velocity and the velocity distribution is Maxwellian. With knowledge
of the optical depth, the covering fraction then follows from the residual intensity of
the doublet lines.
Unfortunately, this method cannot be applied to Na I D in cool outflows where
the lines in the doublet are usually blended. Rupke et al. (2005b) discussed the more
general case where the lines in the doublet are blended together and are produced by
two distinct velocity components that either completely, partially, or do not, overlap
with each other. For partially overlapping velocity components, Eq. (32) becomes
I(λ) = [1 −C f ,1(λ) + C f ,1(λ)e−τ1(λ)] × [1 −C f ,2(λ) + C f ,2(λ)e−τ2(λ)] = I1(λ)I2(λ)(34)
and the total covering fraction of the continuum source at a given wavelength is
C f ,total = C f ,1 + C f ,2 −C f ,1C f ,2. (35)
Once the optical depth profile τλ(λ) is known, one can derive the column density
producing the absorption line. The general expression for the column density of an
ionic species is (Spitzer 1978)
N =
mec
pie2 fλ0
∫
τ(ν) dν (36)
=
3.768 × 1014 cm−2
fλ0
∫
τ(ν) dν, (37)
where f and λ0 are the oscillator strength and wavelength (in vacuum, in the rest
frame) of the transition. For neutral sodium, this expression becomes
N(Na I) = 3.56 × 1011 (τ1,c b) cm−2, (38)
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where τ1,c is the central optical depth of the Na I D1 λ5896 line and b is the Doppler
parameter in km s−1.
Stellar absorption from late-type stars in the underlying galaxy spectrum may
contribute to the observed profile of Na I D. The expected stellar contribution to Na
I D has been estimated in the past by scaling the equivalent width of the Mg I b
triplet at 5167, 5173, and 5185 Å. This is possible because Na and Mg are created
in stars by similar mechanisms and they have similar first ionization potentials (5.14
eV for Na, 7.65 eV for Mg). There is thus a correlation between the stellar equivalent
widths of Mg I b and Na I D in galaxy spectra: W∗(Na I D) = αNa W∗(Mg I b) +
βNa where (αNa, βNa) = (0.5, 0) in U/LIRGs (Rupke et al. 2005c) and (0.685, 0.8) in
emission-line galaxies (Alatalo et al. 2016). Another weaker stellar feature may also
be present at a rest wavelength of 5857.5 Å, 33 Å (1700 km s−1) blueward of the D2
line. A more important contaminant near this region is the He I λ5876 recombination
emission line from ionized gas; this line is generally fit with one or two Gaussians in
intensity.
Once N(Na I) has been derived, the column density of hydrogen, N(H), can be es-
timated from N(Na I) given a metallicity and ionization fraction (Rupke et al. 2005b):
N(H) = N(Na I) X−1Na0 10
−(ANa+BNa), (39)
where XNa0 ≡ N(Na I) / N(Na) is the fraction of Na that is neutral Na I, ANa ≡
log[N(Na)/N(H)]gas is the gas-phase Na abundance relative to H, and BNa ≡ log[N(Na)/N(H)]gas–
log[N(Na)/N(H)]total is the level of depletion of Na onto dust. Typically, Milky-Way
like metal abundance of sodium (ANa = −5.69; Savage and Sembach 1996) and deple-
tion factor of sodium onto dust (BNa = −0.95; Savage and Sembach 1996) are adopted
in this expression. The Na neutral fraction XNa0 is uncertain. A value XNa0 = 0.1 has
been measured toward Galactic stars (Stokes 1978) and also a cold HI cloud in NGC
3067 (Stocke et al. 1991), but this number could be substantially smaller in the more
extreme environment of an AGN or star-forming galaxy, therefore resulting in a larger
N(H).
Direct measurements of the H I columns from 21-cm radio data may provide an
independent check on the Na-based N(H). For instance, Teng et al. (2013) detected
two H I absorption components at the same velocities as the Na I outflow components
in a ULIRG (Rupke and Veilleux 2015) and derived N(H) = 1022 cm−2, the same col-
umn inferred from Na I D in the dustiest regions of this galaxy. Other more indirect
measures of N(H) in cool outflows, based on reddening measurements of the under-
lying host galaxy light, have brought additional support for these correction factors
(Rupke and Veilleux 2013b), although they likely remain uncertain to within factors
of ± 2-3.
Note finally that Na I D has also been seen in emission in a few cool outflows
(see Sec. 5.1). Since the Na I D emission lines are resonant transitions like Lyα, they
are subject to scattering and “fluorescence” by the cool gas and thus can also be used
to trace this component of the outflows. Simple models of metal-line absorption and
emission from cool gas outflows that track the scattered and fluorescent photons in
a spherical homogenously expanding wind have been discussed in Prochaska et al.
(2011), and these are directly applicable to the observed Na I D P-Cygni like profiles
(e.g., Rupke and Veilleux 2015).
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Fig. 6 Some of the diagnostic tools used to study neutral-atomic gas outflows. (a) H I 21 cm from Morganti
et al. (2005), (b) optical Na I D from Rupke et al. (2017), (c) NUV Mg II and Fe II from Erb et al. (2012),
(d) FIR [C II] 158 µm from Janssen et al. (2016), (e) mm-wave [C I] from Cicone et al. (2018b), and (f)
FUV lines from neutral and low-ionization elements from Pettini et al. (2002). Images reproduced from
Morganti et al. (2005); Rupke et al. (2017); Erb et al. (2012); Janssen et al. (2016); Cicone et al. (2018b);
Pettini et al. (2002).
3.3.4 UV Lines from Neutral Elements
UV transitions from abundant neutral chemical elements have been used to probe
cool outflows. The strongest features between 1000 Å and 3000 Å, most commonly
used to study the cool ISM/CGM in the Milky Way and external galaxies, include
O I 1302, N I 1134, 1200, C I 1277, 1280, 1329, 1657, and Mg I 2853. Outside
ISM environments, these features are generally weak enough that the column den-
sities of these elements may be derived using a simple curve-of-growth analysis of
the fitted absorption line profiles against the continuum of the background UV-bright
source. These column densities can then be compared with H I column density mea-
surements, derived for instance from the H I 21-cm line emission, to determine the
metallicity of the absorbing material, modulo an ionization correction to take into
account the ionized portion of the gas. The O I/H I ratio is particularly well suited
for this measurement because it is only moderately depleted onto dust grains (Jenk-
ins 2009) and, since oxygen and hydrogen have virtually identical first ionization
potentials, strong charge-exchange reactions tie the two species together (Field and
Steigman 1971; Domgorgen and Mathis 1994). This method has for instance been
used in HVCs associated with the nuclear outflow in the Milky Way (e.g., Keeney
et al. 2006; Zech et al. 2008; Bordoloi et al. 2017b, see Sect. 4.1.1 below). Since the
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HI 21-cm observations have a finite beam and the UV observations are effectively in-
finitesimal, beam-smearing corrections must be applied to take into account potential
small-scale structure in the H I beam (e.g., Walter et al. 2017; Jenkins 2009; Bordoloi
et al. 2017b). At sufficiently high spectral resolution (R & 30, 000), it is possible to
distinguish between the three fine-structure levels of the ground electronic state of
C I, and use the C I / C I∗ / C I∗∗ ratios to derive the thermal pressure in the absorbing
gas (Jenkins and Tripp 2001; Savage et al. 2017).
3.3.5 UV lines from Singly Ionized Elements
Many of the most abundant elements have first ionization potentials that fall below
13.6 eV, and therefore are also good tracers of neutral hydrogen. Key elements in-
clude C+ (11.26 eV), Na+ (5.14 eV), Mg+ (7.65 eV), Al+ (5.99 eV), Si+ (8.15 eV),
S+ (10.36 eV), Ca+ (6.11 eV) (and also Ca++, 11.87 eV), and Fe+ (7.87 eV). The
strongest absorption lines between 1000 Å and 4000 Å, most commonly used in the
study of the cool ISM/CGM in the Milky Way and external galaxies, include Ca II
3935 (K) and 3970 (H), Mg II 2796, 2804, Fe II 2344 (UV3), 2374 + 2383 (UV2),
2587 + 2600 (UV1), Si II 1190, 1193, 1260, 1304, 1527, C II 1334, and Al II 1671.
Weaker absorption lines from slightly less abundant but volatile elements that are less
subject to dust depletion [e.g., S II 1251, 1254, 1260 from S+ (10.36 eV), Zn II 2026,
2063 from Zn+ (9.39 EV)] can be used in conjunction with the lines from refractory
elements (e.g, Savage et al. 2017) to estimate the dust depletion factor in the neutral
gas phase of cool outflows.
Several resonant transitions (e.g., Mg II 2796, 2804) and non-resonant optically-
thin transitions (e.g., Fe II* 2626, 2612, 2396, 2365, C II* 1335, Si II* 1265, 1309,
1533) are also commonly (∼ 15-30%) observed in emission from cool outflows, par-
ticularly in z ∼ 1 galaxies with blue UV slopes and small stellar masses (Erb et al.
2012; Kornei et al. 2013). This line emission can be used in combination with the
absorption line to further constrain the properties of the cool outflows (Prochaska
et al. 2011). On the other hand, if the spectral resolution is poor, this line emission
“infills” the absorption lines of the resonant transitions (e.g., Mg II 2796, 2804), par-
ticularly at velocities near the systemic velocity of the galaxy, and thus complicates
the analysis of these lines (Zhu et al. 2015). Contamination from stellar absorption
features at systemic velocity also needs to be taken into account for the analysis of
Mg II and Fe II. Fits with two separate velocity components for each line are gen-
erally used to mitigate these effects (Rubin et al. 2010; Coil et al. 2011). Typically,
Mg II (IP1 = 7.65 eV, IP2 = 15.0 eV) is assumed to be the dominant ionization state
in photoionized T ∼ 104 K winds (Murray et al. 2007), so an ionization correction
factor XMg+ ' 1 in Eq. (39) is used to derive the total Mg abundance in the gas phase,
and a dust depletion corrections BMg = −0.5 dex is used in galaxies with near-solar
abundances (Rubin et al. 2014). For Fe II, XFe+ = [0.5−1.0] and BFe = [−0.69,−1.0]
have been used in the literature (Martin et al. 2012; Rubin et al. 2014).
Absorption lines originating from the (collisionally) excited metastable state of
these ions (e.g., Fe II∗, Si II∗) have been detected in several objects, particularly in
LOw-ionization Broad Absorption Line (LoBAL) QSOs, and have been used to con-
strain the electron density in the absorbing material. This information can be used to
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derive the distance r of the absorber from the central ionizing source via the dimen-
sionless ionization parameter:
UH ≡ n(hν > 13eV)nH =
QH
4pir2nHc
, (40)
where ne ' 1.2nH for highly ionized plasma, c is the speed of light, n(hν > 13eV)
and QH are the density and rate of ionizing (>13.6 eV) photons hitting the absorber,
respectively. QH is derived by integrating the UV-soft X-ray portion of the AGN
spectral energy distribution that best fits the broad-band data on the object. Dust be-
tween the source and the absorber needs to be taken into account in the calculations
of QH . UH is derived independently by comparing the measured column densities
with the predictions of photoionization models under the assumption of ionization
equilibrium (e.g. Moe et al. 2009; Dunn et al. 2010). This method has more recently
been extended to the broad absorption lines from more highly ionized species (e.g.,
Si IV∗) in the more common High-ionization Broad Absorption line (HiBAL) QSOs
(e.g. Arav et al. 2013, 2018; Miller et al. 2018; Xu et al. 2018), and for all BAL
QSOs in general (Hamann et al. 2019). The timescale of variability of these absorp-
tion lines has also been used to constrain the density of the absorbers, hence their
distance, assuming it is due to changes in the ionizing radiation incident on the ab-
sorbing gas rather than tangential movement of the absorbing gas across the line of
sight (Filiz Ak et al. 2012; Wang et al. 2015). In this case, the variability time scale
sets a constraint on the ionization or recombination timescale, which depends solely
on the incident ionizing continuum and gas density (e.g. He et al. 2019).
3.3.6 Far-Infrared [C I] and [C II] Emission Lines
While FIR [C I] and [C II] lines are formally tracers of the neutral-atomic component
of cool outflows, they are also excellent tracers of the molecular component so they
are instead discussed in Section 3.4.4 below.
3.4 Diagnostic Tools of the Molecular Gas Phase
Millimeter and submillimeter-wave techniques can provide excellent direct estimates
of the luminosity of CO and other molecules, as well as their kinematics, and mor-
phology (the latter through interferometric imaging). This information can be con-
verted into estimates for column density, volume density, and mass, momentum, en-
ergy, and their fluxes for the molecular phase. The fact that the millimeter/submillimeter-
wave window is very rich in molecular transitions means observations provide also a
unique view of the chemistry and excitation in the outflowing gas.
Measurements obtained at single-dish radio telescopes are usually expressed in
Rayleigh-Jeans brightness temperature units of Kelvins, corresponding to TB = Iν c2/2kν2,
which are meaningful for the angular resolution (beam size) of the observation. In
interferometers, the measurements are usually expressed in flux density units. The
conversion between temperature surface brightness units and flux density is
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Fig. 7 Some of the diagnostic tools used to study molecular gas outflows. (a) OH absorption and emission
line profile, from Gonza´lez-Alfonso et al. (2017b), (b) CO emission line profile, from Cicone et al. (2014),
(c) near-infrared ro-vibrational H2 emission lines, from Rupke and Veilleux (2013a). Images reproduced
from Gonza´lez-Alfonso et al. (2017b), Cicone et al. (2014), and Rupke and Veilleux (2013a).
TB = 1360 K
λ2
θ2
S ν (41)
where TB is the Rayleigh-Jeans brightness temperature in K, λ is the wavelength of
the observation in cm, θ is the full-width at half-maximum of the Gaussian beam of
the observation in arcseconds, and S ν is the flux density in Jy beam−1. The Rayleigh
Jeans brightness temperature can be related to the excitation temperature of the tran-
sition through
TB =
hν
k
(
1 − e−τJ )  1
e
hν
kTex,J − 1
− 1
e
hν
kTcmb − 1
 , (42)
where the Cosmic Microwave Background temperature Tcmb is the background against
which the emission is measured. The last term is usually a small correction for z ∼ 0,
and it is frequently neglected.
Luminosities are frequently expressed in units of K km s−1 pc2, and when using
these units they may be noted as L′ (strictly speaking this is not the usual meaning
of luminosity, since K are units of brightness temperature rather than energy flux per
unit time, and km s−1 are units of velocity rather than units of frequency). In general
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L′ = 3.25 × 107 S ν ∆v ν−2obs (1 + z)−3 D2L (43)
where S ν is the transition flux density in Jy, ∆v is the line width in km s−1, νobs is the
observed frequency of the transition in GHz, z is the source redshift, and DL is its
luminosity distance in Mpc (Solomon and Vanden Bout 2005).
3.4.1 Probes of the Volume Density
Determination of volume densities using millimeter-wave data mostly rely on ac-
cess to rotational transitions sampling a range of critical densities. In the following
discussion we restrict ourselves to transitions between rotational energy levels char-
acterized by a quantum number J, although most of it can easily be generalized to
other types of transitions. The critical density is the density of the collisional partner
at which the chance of spontaneous de-excitation and that of collisional de-excitation
are equal, so that ncr = AJ/γJ where AJ is the Einstein A coefficient to spontaneously
transition from J → J − 1, and γJ is the collisional coefficient for the same transi-
tion (note sometimes this is defined using the sum of the coefficients for all possible
downward collisional transitions in the denominator). At densities much higher than
ncr the populations of the levels are in collisional equilibrium, and follow the distri-
bution corresponding to the Boltzmann equation with an excitation temperature Tex
equal to the kinetic temperature of the gas, TK . At densities much lower than ncr, on
the other hand, molecules are preferentially de-excited by spontaneous emission, and
their excitation temperature is lower than TK .
Over a very wide range of conditions, the brightest transitions from molecular gas
at these wavelengths are the rotational transitions of the main isotopologue of carbon
monoxide, 12C16O. These transitions of carbon monoxide are excited mostly through
collisions with H2 molecules. Radiative trapping will play an important multiplicative
role in the excitation if the transition is optically thick, which is easy to achieve since
CO is an abundant molecule that is frequently the largest reservoir of carbon in the
gas phase. The critical density for the ground rotational transition of CO (at ν =
115.27 GHz) to collisions with molecular gas is ncr(H2) ≈ 2000 T−0.019100 cm−3 (Yang
et al. 2010). The excitation is such that bright emission usually requires densities that
are similar to or larger than ncr (e.g., Leroy et al. 2017). In species like CO that are
abundant and optically thick, radiative trapping acts to reduce the effective critical
density by a factor of approximately (1 − e−τJ )/τJ , which is a significant correction
when the optical depth τJ of the J → J − 1 transition is large.
Critical densities scale approximately as ncr ∝ µ2, where µ is the electronic
dipole moment of the molecular species, so that molecules with higher µ require
higher volume densities to be excited collisionally. For a given molecular species
ncr ∝ J3, so that higher transitions have higher critical densities. Among the abun-
dant molecules with bright millimeter-wave transitions, HCN, HCO+, and CS have
high dipole moments and are usually employed as tracers of high density gas. For
example, the ground rotational transition of HCN at ν = 88.63 GHz has ncr(H2) ≈
2.67 × 106 T +0.349100 cm−3 (Dumouchel et al. 2010). Therefore, the HCN/CO ratio is, to
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first order, an indicator of density3. Comparison across molecular species, however,
can be affected by their relative abundances determined by the chemistry. Moreover,
some molecules can be excited by more than one collisional partner. For example,
HCN has a cross-section to collisions with electrons that is 105 times larger than for
collisions with H2 molecules, which may affect its use as a density tracer in regions
where electron abundance is high (Goldsmith and Kauffmann 2017). Note also that
molecules such as HCN may be affected by infrared radiative excitation and pump-
ing, which can impact the interpretation of the molecular line emission. HCN (and
also other molecules) has degenerate bending modes in the infrared. The molecule
absorbs infrared photons to the bending mode (its first vibrational state) and then it
can decay back to the ground state via its P- or R-branch. In this way, a vibrational
excitation may produce a change in the rotational state in the ground level and can be
treated (effectively) as a collisional excitation in the statistical equations (e.g. Carroll
and Goldsmith 1981; Aalto et al. 2007)
The presence of bright emission from one of the high dipole moment species
usually is taken to suggest that the volume density is similar to or higher than the
critical density of the transition. A full treatment of the gas density requires solving
the detailed balance equations to establish the populations of each rotational level.
As we discuss below, this can provide simultaneous constraints on volume density,
column density, and temperature.
3.4.2 Probes of the Column Density and Optical Depth
The optical depth of a rotational transition relates to the column density in its upper
level, NJ , and velocity width, ∆v, through
τJ =
8pi3
3h
µ2
J
2J + 1
(
ehνJ/kTex,J − 1
) NJ
∆ v
, (44)
where µ is the electric dipole moment, and h and k are Planck’s and Boltzmann’s
constants respectively. In Local Thermodynamic Equilibrium (LTE, implying Tex,J =
Tex ≈ TK), the population of a level, NJ , and the total column density, N, are related
through the partition function Q(Tex) and the corresponding Boltzmann factor,
N =
Q(Tex)
2J + 1
NJ e
hν
kTex , (45)
where Q(Tex) = 2kTex/hν is a good approximation for Tex  hν/k. There are a
number of different methodologies for measuring optical depths. For a much more
extensive discussion on using molecular measurements to estimate column density
see Mangum and Shirley (2015).
A good way to estimate the optical depth for an emission line, and consequently
have a good handle on the column density of the gas, is to obtain measurements in an
optically thin isotopologue of known abundance. If the ratio of column densities of
the optically thick to the optically thin isotopologue is R, the intensity ratio r of the
3 Just as for CO, high opacities can impact the critical density for e.g. HCN which may be very abundant
in warm regions. In addition, the critical density can be strongly reduced (by factors 4-6) in regions of high
temperature. This requires a multi-level treatment of the critical density.
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same transition observed in an optically thick (Rτ  1) to an optically thin (τ  1)
isotopologue will be
r ≈ (1 − e
−Rτ)Tthick
(1 − e−τ)Tthin ≈
1 − e−Rτ
1 − e−τ ∼
1 − e−Rτ
τ
. (46)
For example, the observed ratio of 12CO/13CO intensities is frequently observed to
be r ∼ 10, while the abundance ratio is closer to R ≈ 50 at the Solar circle (Wil-
son and Rood 1994). Selective photodissociation effects, chemical fractionation, and
changes in the 13C/12C ratio all possibly impact the calculation, as well as the im-
plicit assumption that both lines emerge from the same parcel of gas. This suggests
that the typical optical depth of the 12CO emission is Rτ ∼ 5. Note that this assumes
the excitation temperature is similar for both isotopologues, to cancel out its ratio.
This is not necessarily correct, particularly in the presence of temperature gradients:
the relevant excitation temperature for the optically thick isotopologue is that at the
Rτ ∼ 1 surface, while for an optically thin isotopologue what matters is the tempera-
ture throughout the medium. For an internally heated cloud, for example, where the
temperature increases toward the center, the optically thick isotopologue may reach
optical depth of unity in a colder region far from the center of the cloud. As a con-
sequence the ratio of excitation temperatures will be Tthick/Tthin < 1, and neglecting
this will result in too large an inferred optical depth.
Sometimes it is not possible to detect an optically thin isotopologue in a reason-
able amount of time, because the emission is likely to be very weak. Using Eq. (44)
it is possible to show that in LTE the ratio of Rayleigh-Jeans brightness temperature
of two consecutive rotational transitions rJ = TJ/TJ−1 that fill the same area of the
beam will be
rJ =
( J
J − 1
)2
e−
hν
kTex (47)
for optically thin emission, which for gas with TK ≈ Tex > hνJ/k is rJ ≈ J2/(J −
1)2. For optically thick emission, under the same conditions rJ ≈ 1. This opens the
possibility of using measurements of bright line ratios to estimate emission optical
depth.
3.4.3 Probes of the Temperature
Under the frequent assumption of optically thick emission, the surface brightness of
the CO emission becomes a probe of the excitation temperature of the transition,
Tex,J , which at densities higher than the effective critical density approaches the ki-
netic temperature of the gas, TK . Obtaining a good estimate requires resolving the
CO emission, which is not always possible, otherwise the surface brightness mea-
surement represents the true brightness times an emission dilution factor (the ratio
of solid angle Ω occupied by the emission to that of the telescope beam) that can be
very small and uncertain. Thus the observed brightness temperature always provides
a lower limit to the gas temperature (unless very unusual excitation and/or radiative
transfer conditions occur).
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Because it is the combined effects of volume density, column density, and tem-
perature that affect the excitation, the most comprehensive way to constrain these
parameters requires modeling the spectral line energy distribution (SLED) across
several rotational transitions in perhaps more than one molecular species. Because
rotational transitions are equally spaced in frequency, the energy of the upper level J
of a rotational transition is EJ = hν1 J(J + 1)/2, and the SLED will be particularly
sensitive to the temperature of the gas as long as the highest transition probed has
EJ/k larger than the gas temperature (see for example, Weiß et al. 2007; Israel et al.
2015). The modeling is usually accomplished by solving the detailed balance equa-
tions assuming a large velocity gradient. An example of a widely available code to
do this is RADEX (van der Tak et al. 2007).
In general accurate temperature measurements may be derived from emission
from symmetric top molecules, such as NH3 (e.g., Mangum et al. 2013). The relative
intensity of the rotational ground-state inversion transitions for different K-ladders
provides a direct measurement of the kinetic temperature. This is because the ex-
change of population between the K-ladders occurs via collisional processes. Asym-
metric rotor molecules, such as H2CO, can also be useful temperature probes (e.g.,
Mangum and Wootten 1993). However, to detect emission from such rarer molecules
in outflows, requires very deep and sensitive observations.
3.4.4 Estimating the Masses and Mass-Outflow Rates
The determination of mass usually relies on using an appropriate mass-to-light ratio
for a bright line (although it is also possible to use the dust continuum assuming a
dust-to-gas ratio). The resulting equation is
Mmol = αXL′X , (48)
where αX is the mass-to-light ratio for species X, and L′X is its luminosity in the units
of Eq. (43). Note that, frequently, the molecular mass Mmol is not just that of H2 but
it includes a correction for the cosmic abundance of He by mass (∼ 1.36), although
this is not entirely consistent across authors.
- Using CO Emission to Estimate Outflow Mass. The ground transition of 12C16O is
frequently used for this purpose, even though it is optically thick. For a full discussion
on the foundations and the caveats of this approach, see Bolatto et al. (2013b). Here
we will summarize a few relevant equations.
For optically thick emission from a self-gravitating cloud (or an ensemble of
clouds), where the velocity dispersion is a reflection of self-gravity, the mass-to-
light ratio of the ground rotational transition has been calibrated to be αCO ≈ 4.4
M(K km s−1 pc2)
−1 for large (Mmol > 105 M) Giant Molecular Clouds in the disk
of the Milky Way. This value depends on the average temperature of the molecular
gas, the mass of the cloud, and the virial parameter of the object, becoming smaller
for hotter clouds, smaller clouds, and less bound clouds. Given that, where we can
resolve it, molecular emission in outflows is frequently highly turbulent and it prob-
ably arises from clouds that may have experienced a shock or are perhaps heated
by conduction by the neighboring hot fluid, it is likely that the “Galactic” αCO is
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an overestimate of the true mass-to-light ratio of the gas in a galactic outflow. The
lowest likely mass-to-light ratio (and consequently the lowest mass estimate) comes
from assuming optically thin emission, for which αCO ≈ 0.34 (Tex/30 K) assuming
CO/H2=10−4 and Tex & 30 K (see Bolatto et al. 2013a). From these considerations
it appears that assuming a typical αCO ≈ 1 M (K km s−1 pc2)−1 yields reasonably
bracketed estimates of molecular masses in outflows from CO observations.
Since αCO is defined for the ground transition, when using higher transitions of
CO to determine masses it is necessary to correct their intensities by a brightness
temperature line ratio, rJ1 = TB(J → J − 1)/TB(1 → 0). The applicable line ratio
depends on the excitation conditions in the medium: hotter and denser media will
lead in general to higher line ratios, and as we saw in Eq. (47) optically thin emission
may also lead to higher line ratios. If the emission is optically thick, however, the
ratios are rJ1 ≤ 1, and rJ1 ∼ 1 usually requires temperatures hot enough to populate
the J level and densities higher than the effective critical density. In galaxies, typical
observed line ratios for bright emission are r21 ∼ 0.8 and r31 ∼ 0.67 (e.g., Rosenberg
et al. 2015; Kamenetzky et al. 2016). As the J level increases and the required excita-
tion conditions become more stringent, the ratios become increasingly variable from
source to source (e.g., Kamenetzky et al. 2018).
Note that line ratios and SLEDs depend on the units used for their luminosities.
When line intensities are expressed in Jy km s−1 or equivalent units, there will be an
additional factor of ν2 (see Eq. (41)) in the integrated intensities, resulting in line
ratios rJ1 J2. When line intensities are expressed in erg cm−2 s−1 or equivalent units,
there will be another factor of ν associated with the conversion from velocity to fre-
quency, resulting in line ratios rJ1 J3.
- Using [CI] Emission to Estimate Outflow Mass. The fine structure lines of atomic
carbon, [C I] (1-0) 3P1–3P0 and 3P2–3P1 transitions at 609 µm (492 GHz) and 370
µm (809 GHz), have received increased attention in recent years as probes of the cool
gas in galaxies. How [C I] compares to CO in terms of producing reliable molecular
masses is still unclear. Papadopoulos et al. (2004) argue on theoretical grounds that
the (generally) optically thin [C I] (1-0) line may be a better tracer of the molecular
gas than 12CO under typical ISM conditions, especially for diffuse (∼ 102 − 103
cm−3) molecular gas in metal-rich environments far from intense UV sources. Similar
conclusions are reached by Offner et al. (2014) and Glover et al. (2015) based on
simulations of resolved molecular clouds in conditions similar to those at the Solar
circle. Israel et al. (2015), on the other hand, analyze the suitability of CO and [C I]
to measure molecular masses using an extensive dataset of 76 ULIRGs and starburst
galaxy centers. They conclude that the scatter in molecular mass estimation using
[C I] in these galaxies is not better than using CO (and arguably, based on their Figure
9, it appears worse). Because of the competing effects of photoionization by far-UV
to produce [C II], and combination with oxygen to produce CO, [C I] is usually not
a large reservoir of carbon in the gas, and so its abundance may be subjected to large
system-to-system variations depending on the physical conditions.
Adopting an excitation temperature Tex = 30 K and a neutral carbon abundance
XC = (3.0 ± 1.5) × 10−5, appropriate for (U)LIRGs (Weiß et al. 2003, 2005a; Pa-
padopoulos et al. 2004; Walter et al. 2011; Jiao et al. 2017), Cicone et al. (2018b)
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suggests α[CI] = 9.43 M (K km s−1 pc2)−1 as the [C I](1-0)-to-H2 mass-to-light ratio.
Crocker et al. (2019), on the other hand, report α[CI] = 7.3 M (K km s−1 pc2)−1 in a
sample of local star-forming galaxy disks targeted by the Herschel Beyond the Peak
program.
- Using [C II] Emission to Estimate Outflow Mass. The [C II] 157.737 µm fine-
structure transition is the major cooling transition for the cold atomic medium, at
densities n ∼ 1 − 103 cm−3 and temperatures T& 50 K. With an ionization potential
of 11.3 eV, smaller than that of hydrogen, ionization of neutral carbon into C+ by
far-ultraviolet photons is pervasive. In fact, C+ is the major form of carbon in regions
illuminated by stars with AV < 1−2. In molecular regions, far-ultraviolet photons that
penetrate the surfaces of interstellar molecular clouds at AV < 1−3 mag create the so-
called photon-dominated or photodissociation regions (PDRs, e.g., Hollenbach and
Tielens 1999; Kaufman et al. 1999; Wolfire et al. 1995, 2003), where photoelectric
heating effect on dust grains heats the gas and [C II] emission cools it. Some fraction
of [C II] is also generated in neutral atomic and in ionized gas, for example in H II
regions themselves, where collisions with electrons excite the emission.
Far-infrared [C II] emission is excited by collisions. The collisional partners can
be H, H2, or electrons depending on their abundance in the type of gas the [C II] ion
is embedded in — atomic, molecular, or ionized. Because the energy carried away
by the 157.7 µm photons is significant and the excitation requirements for the tran-
sition are not particularly stringent, wherever [C II] is abundant it tends to dominate
the cooling. The critical densities for [C II] collisions with H, H2, and electrons are
respectively ncr=3000, 6100, and 44 cm−3 taking as typical temperatures 100 K for
atomic clouds and PDRs and 8,000 K for ionized regions (Goldsmith et al. 2012).
[CII] emission is usually not significantly optically thick, although in photodissocia-
tion regions τ can be moderate (Boreiko and Betz 1996; Stacey et al. 1991), so optical
depth effects are unlikely to have a significant impact on these critical densities.
In the case of optically thin emission and neglibible background, the intensity of
the [C II] emission (I[CII], in erg s−1 cm−2 sr−1) relates to the temperature (T ), density
(n), and column density (N) of the gas through (Crawford et al. 1985; Goldsmith et al.
2012)
I[C II] = 2.38 × 10−21
[
2 e−91.25/T
1 + 2 e−91.25/T + ncr/n
]
N(C+). (49)
This can be converted to a relation between luminosity and mass using (see also
Hailey-Dunsheath et al. 2010)
MH = 0.68M
(
1.6 × 10−4
X(C+)
) [
1 + 2 e−91.25/T + ncr/n
2 e−91.25/T
]
L[CII]
L
, (50)
where X(C+) is the abundance of C+, and 1.6 × 10−4 represents an approximate gas-
phase carbon abundance near the Solar circle in the Milky Way (Sofia et al. 2004),
although the precise value is somewhat uncertain (e.g., Sofia et al. 2011). In the limit
of T  91 K and n  ncr (i.e., the high excitation limit) this becomes
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MH
M
≈
(
1.6 × 10−4
X(C+)
)
L[CII]
L
. (51)
Because we are assuming maximal excitation, this is effectively a lower limit to
the amount of mass traced by the [CII] emission. However, if the main contributor
to the emission is C+ embedded in ionized gas due to HII regions, where dust may
not be an important reservoir of carbon, all carbon will be in the gas-phase and its
abundance may be a factor of 3 larger (Sofia et al. 2011). Conversely, if the radiation
field is such that most carbon is in a more highly ionized state, the X(C+) would
be lower and the [CII] emissivity per unit gas mass will be suppressed (e.g., Langer
and Pineda 2015). Using the relation between integrated Rayleigh-Jeans brightness
temperature and intensity for this transition,
∫
TBdv = 1.43×105I[CII] (e.g., Goldsmith
et al. 2012), we can express this in a form analogous to Eq. (48), keeping in mind that
the left hand side represents all hydrogen (not just molecular gas), and that this does
not include the 1.36 correction factor by mass due to the contribution from He and
other heavy elements
MH = 0.15
M
K km s−1 pc2
(
1.6 × 10−4
X(C+)
)
L′[CII]. (52)
Note that this is a lower limit not just because of the assumed excitation and the
contribution from moderate optical depth regions, but also because extinction limits
the penetration of carbon-ionizing photons, sharply limiting the ionization of carbon
inside molecular clouds. For AV > 2 − 3 most carbon will be neutral or molecular,
and therefore that gas will not emit in [CII] (e.g., Narayanan and Krumholz 2017).
- Using OH Absorption to Estimate Outflow Mass and Spatial Extent. The OH elec-
tronic ground-state 2Π is split due to spin–orbit coupling where spin angular momen-
tum can be oriented either parallel or anti-parallel to the orbital angular momentum.
Thus, the rotational states are split into two ladders: 2Π3/2 and 2Π1/2 (Storey et al.
1981), where the total angular momentum is given by J = N ± 1/2 (N is the rota-
tional quantum number). Additionally, the orbital angular momentum can have two
orientations with respect to the molecular axis, each having a slightly different en-
ergy. This Λ-doubling further splits each J level into two levels of opposite parity.
OH and its isotopologues 18OH and 17OH have been detected in absorption in several
infrared-bright galaxies. With many transitions lying at far-IR wavelengths, where
the bulk of the luminosity of these galaxies is emitted, OH is mainly excited through
absorption of far-IR photons and selectively traces a region close to the central source
of strong far-IR radiation density. OH doublets with a broad range of lower-level en-
ergies, from Elow = 0 K (OH 119, 79, 53.3, and 35 µm originating from the Λ-doublet
state of the ground 2Π3/2 J = 3/2 rotational level) to Elow = 620 K (OH 56 originating
from 2Π1/2 J = 7/2), have been detected in (U)LIRGs, often showing clear signatures
of outflowing gas (prominent blue wings or P-Cygni profiles). The detection of OH
79, OH 53.3, and OH 35 implies that OH 119, with a much higher opacity, is optically
thick i.e. the continuum optical depth at 100 µm, τ100 & 1, or NH & 1024 cm−2. How-
ever, the OH 119 absorption feature is not black, so the OH 119 doublet at a given
velocity only covers a fraction of the total 119 um continuum. When P-Cygni profiles
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are observed, the relative strength of the redshifted emission (which is produced in
the receding cocoons) and blueshifted absorpion (from the approaching parts along
the line of sight to the continuum source) can be used to constrain the importance of
extinction of the line-emitting photons arising from the back side of the far-IR source
and/or significant departure from spherical symmetry (Gonza´lez-Alfonso et al. 2014).
Since the OH energy levels are radiatively pumped in the outflows, transitions at
different wavelengths and energy levels, in combination with continuum component
fits, yield crucial information about the radial location where the lines are formed.
This information enables the estimation of the outflow physical parameters using the
equations in Sect. 3.2. In practice, the observed OH profiles are carefully compared
with the predictions from radiative-transfer models. The code calculates the line exci-
tation due to the dust emission and collisions with H2, and takes into account opacity
effects (i.e. radiative trapping), non-local effects, velocity gradients, extinction by
dust, and line overlaps. For simplicity, the outflow is usually modeled as a series of
concentric expanding shells around a nuclear continuum source, allowing for each
source one to three components with different velocity gradients and distances to the
central source. The density profile for each velocity component is determined through
mass conservation assuming a constant mass outflow rate. Free parameters are the in-
ner and outer radii, the velocity field of each velocity component, the OH density at
the inner radius, the covering factor of the continuum FIR source, and the solid angle
of the outflow. For a given model, the code first calculates the statistical equilibrium
populations in all shells that make up the source, and then the emerging line shapes
are computed, convolved with the instrumental profile, and compared directly with
the observations.
The derived outflow mass directly depends on the assumed value of the OH abun-
dance relative to H nuclei, XOH ≡ NOH/NH , which is uncertain. A value of 2.5 ×
10−6 has been used in the models of Gonza´lez-Alfonso et al. (2017b), consistent
to within a factor of ∼3 with the value inferred from multi-transition observations
of OH in the Galactic Sgr B2 and Orion KL outflow (Goicoechea and Cernicharo
2002; Goicoechea et al. 2006) and in buried galaxy nuclei (Gonza´lez-Alfonso et al.
2012; Fischer et al. 2014; Falstad et al. 2015), and with chemical models of dense
photodissociation regions (the peak value in Sternberg and Dalgarno 1995) and of
cosmic-ray- and X-ray-dominated regions (Meijerink et al. 2011). New constraints
on the value of XOH in the outflows have recently been derived using the strength
of the optically thin cross-ladder 2Π3/2 →2 Π1/2 J = 3/2 → 5/2 Λ-doublet transi-
tions at 34.60 and 34.63 µm as a powerful OH column density estimator (Stone et al.
2018). The OH column densities in a number of OH outflows were compared with
the hydrogen column density for a typical optical depth at 35 µm of ∼0.5 and Galac-
tic gas-to-dust ratio (∼125; see Sect. 5.3 below) to yield an OH-to-H abundance ratio
of XOH = (1.01 ± 0.15) × 10−6. This abundance ratio is formally a lower limit since
(1) some fraction of the OH molecules are in excited levels, so NOH derived from
OH 35 is a lower limit to the column density of all OH states, and (2) the covering
fraction of the 35 µm continuum source by the obscuring material may not be 100%,
as assumed.
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3.4.5 Importance of Shocks, X-rays, and Cosmic Rays
Chemistry is an important tracer of the conditions in the outflow and hence of its
power source and evolution. Chemistry can for example probe the impact of shocks
and irradiation by e.g. cosmic rays (CR) and X-rays. Important shock tracers include
SiO, which traces fast shocks and the destruction of grains (Bachiller et al. 1991;
Garcı´a-Burillo et al. 2001). Slower shocks that evaporate the ices (without disrupting
the grain core) can be probed by e.g. H2O, CH3OH, HNCO, OH and possibly also
HCN (e.g. Ruiz et al. 1992; Cernicharo et al. 2006; Rodrı´guez-Ferna´ndez et al. 2010;
Aalto et al. 2012; Meier and Turner 2012; Pellegrini et al. 2013; Garcı´a-Burillo et al.
2014; Goicoechea et al. 2015; Saito et al. 2017). The high HCN luminosity of the
Mrk 231 outflow (Sect. 4.4) is likely due both to a large filling factor of dense (n > 104
cm−3) molecular gas, as well as an elevated HCN abundance (X(HCN) = 10−8 −
106, Aalto et al. 2012, 2015a; Lindberg et al. 2016). Chemical differentiation in the
outflow between HCN, HNC and HCO+ can be partially caused by shock chemistry
(Lindberg et al. 2016). Suspected shock-enhanced HCN, SiO and CH3OH is found
in the outflow regions of the merger NGC 3256 (Sect. 3.4.6; Harada 2018). The CO
line-to-continuum ratio (Meijerink et al. 2013) is also a robust diagnostic of shock
excitation, as is elevated [C I] line emission (Pellegrini et al. 2013). Shocks are also
traced by near-IR [Fe II] 1.257 and 1.644 µm lines and H2 line ratios (see Sec 3.4.7).
Note that high H2O, HCN, and CH3OH abundances may also reflect a hot-core
like chemistry where ice mantles are evaporating in high-column density gas (e.g.
Cernicharo et al. 2006; Gonza´lez-Alfonso et al. 2012; Qin et al. 2015). Gonza´lez-
Alfonso et al. suggest that such an “undepleted” chemistry may be traced by, for
example, studying the HCN/H2O and HCN/NH3 column density ratios. Methanol
(CH3OH) primarily forms on cold (T < 24 K) dust grains (e.g. Soma et al. 2015) and
can therefore be used as an important “chemical clock”. Once depleted from the dust
grains it cannot reform as long as the dust grains remain warm.
Radiative impact on the gas can be traced by radicals such as CN that thrives in
the interface regions between photon dominated region (PDRs), or X-ray dominated
regions (XDRs), and dense molecular clouds. Far-UV photons in post-shock gas may
also impact the chemistry. CN has been detected in the double outflows of the merger
NGC 3256 (Sakamoto et al. 2014) and more studies are required to understand its
origin. Very luminous CN emission is also detected in the quasar-driven molecular
outflow of Mrk 231 (Cicone et al. 2019) where X(CN)>X(HCN), suggesting strong
radiative impact on the outflowing dense molecular gas. C2H has been found in the
starburst-driven outflow of Maffei 2 (Meier and Turner 2012) and also in the interface
region between the molecular disk and ionized gas outflow of NGC 1068 (Garcı´a-
Burillo et al. 2017). The high fractional C2H abundances in this interaction region
can be reached at very early times (t of about 102−3 yr) in models of UV or X-ray
irradiated dense gas.
Molecular ions are important tools to probe the ionization rates of the interstellar
medium in XDRs/PDRs or in CR-dominated regions (CRDRs). Gonza´lez-Alfonso
et al. (2018) suggest that high OH+/H2O+ and OH+/H3O+ ratios imply high ioniza-
tion rates per unit density. X-rays appear to be unable to explain the ionization rates
inferred by these elevated abundance ratios, and thus they suggest that low-energy
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(10–400 MeV) CRs are primarily responsible for the ionization (Sect. 4.4). Ioniza-
tion fraction can also be probed by the HOC+/HCO+ ratio that can be studied at mm
and submm wavelengths (e.g. Goicoechea et al. 2009; Martı´n et al. 2009). One of
the most important probes of ionization rate in diffuse molecular clouds is the H+3
molecule that can be studied at infrared wavelengths. (e.g. Oka et al. 2005; Indriolo
et al. 2007).
It is important to be aware, however, that to safely apply chemistry as a diag-
nostic tool usually requires a combination of lines to address the dichotomy between
PDR, XDRs, CRDRs – and the chemistry of shocks and mechanical heating (e.g.
Kazandjian et al. 2012; Aalto 2015; Viti et al. 2014; Viti 2016; Harada et al. 2018).
Molecular chemistry and abundances are usually probed at the mm/submm and
far-infrared wavelengths. However, X-ray absorption lines and edges may also be
used to identify molecules (Gatuzz et al. 2015). Molecules may also be probed at
longer cm wavelengths–for example maser lines of OH and H2O that can be seen in
dense dusty outflows (Turner 1985; Baan et al. 1989). Also thermal absorption/emission
lines of e.g. OH, H2CO, NH3 can be detected (e.g. Mangum and Wootten 1993; Salter
et al. 2008; Mangum et al. 2013; Falstad et al. 2015), also in outflows (Falstad et al.
2017).
3.4.6 Compact Obscured Nuclei: CONs
There is a population of luminous infrared galaxies that have highly obscured nuclei
with visible extinction AV >1000 (corresponding to N(H2)> 1024 cm−2). At these
high levels of extinction, mid-infrared diagnostic methods suffer from opacity effects
and one has to resort to longer wavelength lines and continuum to probe the en-
shrouded activity. The obscuring columns appear to be warm with temperatures in the
range of 100–300 K (Sakamoto et al. 2008; Costagliola and Aalto 2010; Sakamoto
et al. 2013; Gonza´lez-Alfonso et al. 2012; Aalto et al. 2015b; Falstad et al. 2015;
Scoville et al. 2017; Sakamoto et al. 2017; Barcos-Mun˜oz et al. 2018; Aalto et al.
2019). These enshrouded nuclei may be previously undetected accreting SMBHs
and/or compact and luminous young stellar clusters (possibly also with top-heavy
stellar initial mass functions (IMFs; Aalto et al. 2019)). Radiatively excited molecu-
lar emission of e.g. H2O and OH (van der Werf et al. 2011; Gonza´lez-Alfonso et al.
2012; Veilleux et al. 2013a; Gonza´lez-Alfonso et al. 2014; Falstad et al. 2015, 2017)
are good probes of the nuclei as long as column densities stay below N(H2)= 1025
cm−2. However, several enshrouded nuclei have N(H2)> 1025 cm−2 and in some cases
column densities may reach extreme values of N(H2)> 1026 cm−2 (Scoville et al.
2017; Sakamoto et al. 2017; Barcos-Mun˜oz et al. 2018; Aalto et al. 2019). These
Compact Obscured Nuclei (CONs Aalto 2015) are found in the nuclei with radii
r < 10 − 50 pc and high temperatures >200 K. In the most extreme cases there may
also be issues of photon trapping and self-heating of the gas and dust (e.g. Kaufman
et al. 1999; Gonza´lez-Alfonso and Sakamoto 2019).
To probe the most deeply enshrouded CONs one needs to go to mm and even
cm wavelengths, for example using vibrationally excited lines of HCN (Salter et al.
2008; Sakamoto et al. 2010; Aalto et al. 2015b; Martı´n et al. 2016; Imanishi et al.
2016; Aalto et al. 2019). The HCN molecule has degenerate bending modes in the
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IR and may absorb IR-photons to its first vibrational state. There are rotational tran-
sitions within the vibrationally excited state that can be observed with e.g. ALMA.
The energy above ground of the ν2=1 state is TE/k=1050 K requiring high surface-
brightness mid-IR (TB(14µm)≈100 K) emission to be excited. CONs are also very
rich sources of molecular emission that can be used to diagnose the nuclear activity
(Martin et al. 2012; Gonza´lez-Alfonso et al. 2012; Costagliola et al. 2016).
3.4.7 Direct H2 Probes
Molecular hydrogen is the most abundant molecule in the Universe, but direct obser-
vations of H2 are difficult. The molecule exists in two, almost independent isometric
forms, named ortho-H2 (spin of H nuclei parallel) and para-H2 (spins antiparallel).
The ortho/para ratio is a complex function of the environment (e.g., Bron et al. 2016).
In LTE, the ortho/para ratio is close to 3 under warm (T > 200 K) conditions, but is
generally smaller otherwise. Given its symmetry, H2 has no permanent dipole mo-
ment and all its ro-vibrational and rotational transitions within the electronic ground
state are forbidden electric quadrupolar and therefore weak. The ro-vibrational lines
lie in the near-IR, and thus can be studied from the ground at low redshifts, while the
rotational lines occur in the mid-IR and generally require space-borne facilities. The
far-UV electronic transitions from nearby systems can only be detected above the
Earth’s atmosphere and are strongly affected by extinction. Indeed the very presence
of H2 requires AV & 0.01-0.1 mag. so that it is shielded from the ultraviolet photons
responsible for its photo-dissociation.
- Electronic Transitions. Photons with an energy in the range of 11.2 to 13.6 eV (912
Å to 1126 Å) that coincides with one of the lines in the Lyman band (between the
ground and first electronic states; B − X) or Werner band (between the ground and
second electronic states; C − X) will be absorbed by H2 and place the molecule in
an excited electronic state, followed by rapid radiative decay that may lead to its
dissociation. This destruction process is balanced by formation of H2 on the surface
of dust grains (Sect. 3.5.6). The Lyman and Werner electronic absorption bands in the
far-UV provide a very sensitive tool to detect even very diffuse H2, down to column
densities as low as a few 1012 cm−2, provided a UV-bright background source is
available (e.g. Spitzer and Cochran 1973). A curve-of-growth analysis that relies on
the measured equivalent widths of all H2 lines is possible when N(H2) . 1019 cm−2,
while a fit to the damping wings of the low-J H2 lines is needed to derive larger
column densities. H2 column densities in low rotational state (J = 0 and 1) may be
used to derive rotational and/or kinetic temperatures of the diffuse gas. The higher J
abundances can constrain models of the UV radiation fields and gas densities (e.g.
Shull et al. 2000; Wakelam et al. 2017).
- Ro-Vibrational Transitions. In the ground-state electronic state, the ν = 1 vibration
level is ∼ 6000 K above the ground state, so that ro-vibrational excitation requires
kinetic temperatures T > 1000 K or fluorescent (“FUV pumping”) excitation. The
method most commonly used to differentiate collisional excitation from fluorescence
consists in using flux ratios of various ro-vibrational H2 lines visible in the K band,
particularly H2 ν = 1-0 S(1) 2.121 µm and the weaker ν = 1-0 S(0) 2.223 µm and
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ν = 2-1 S(1) 2.247 µm transitions. FUV pumping dominates if G0/n is large (G0 is
the strength of the UV radiation field and n is the hydrogen density in the PDR). In
the alternative scenario of collisional excitation, three mechanisms may provide the
heating: (1) UV radiation from a starburst or AGN, (2) X-rays from a starburst, AGN,
or wind, or (3) shocks induced by the outflow. A strong constraint on the importance
of UV heating can be derived from the ratios of H2 2.12 µm to Hα (or, equivalently,
Brγ; e.g., Puxley et al. 1990; Doyon et al. 1994), while the relative H2 1-0 S(1) and
X-ray fluxes provide an excellent way to test the mechanism of X-ray heating. The
third and final scenario may be tested using shock diagnostics (e.g. [Fe II] 1.644 µm,
mm-wave SiO; see Sec. 3.4.5).
- Pure Rotational Transitions. The H2 pure-rotational emission lines in the mid-IR
trace warm molecular gas at T = 100 − 1000 K. Due to the low Einstein coefficients
of these transitions, optical depth effects are usually unimportant and thus these mid-
IR lines provide an accurate measure of the warm gas mass. At densities nH & 104
cm−3 of PDRs, collisions maintain the lowest rotational levels of H2 (ν = 0, J . 5) in
thermal equilibrium. The rotational transitions between these levels therefore provide
a thermometer for the bulk of the gas above ∼80 K. The excitation temperatures
measured from these line ratios should be considered an upper limit to the kinetic
temperature since UV pumping may contribute to the excitation of H2 even for low J.
Shocks may also contribute to exciting the H2 molecules without dissociating them.
The excitation temperature is a steep function of shock velocity and therefore can be
used to constrain it if shocks are dominant (e.g., Guillard et al. 2012; Beira˜o et al.
2015).
3.5 Diagnostic Tools of the Dust
There is extensive literature on this topic including the excellent review of Galliano
et al. (2018) and the classic monograph by Draine (2011). The many diagnosic tools
that have been used to derive the dust properties in galaxies may also be applied to
study the dust within cool outflows. These tools can largely be divided into five main
categories based on the physical process at work: (1) extinction and reddening, (2)
scattering, (3) emission, (4) polarization, and (5) depletion. The derived properties
include the dust composition (the exact mixture of carbonaceous and silicate grains),
the grain structure (e.g., amorphous, crystalline, porous), the size distribution of the
dust grains (typically, sizes a range from 0.3 nm to 0.3 µm with a power-law distribu-
tion ∝ a−3.5 to first order), the abundance of the dust grains relative to the gas (i.e. the
dust-to-gas ratio by mass, D/G, of order ∼ 1% in the Milky Way, and a decreasing
function of metallicity; Roman-Duval et al. 2014), and the fraction of dust present in
the ionized gas ( fion ranging from ∼ 10−4 in the hot intracluster medium of galaxy
clusters to ∼ 1 in some luminous infrared galaxies; Laursen et al. 2009).
3.5.1 Extinction and Reddening
The optical depth due to dust is τd =
∫
σdnHds ' σdNH , where σd is defined as
the effective cross section per hydrogen atom. This term includes contributions from
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Fig. 8 Some of the diagnostic tools used to study dust in cool outflows. (a) Extinction in the dusty extra-
planar material of NGC 891, from Howk and Savage (2000), (b) UV scattering in the dusty wind of M 82,
from Hoopes et al. (2005), (c) polarization in the disk and wind of M 82, from Jones et al. (2019b), (d)–(e)
thermal infrared emission from the extraplanar material in NGC 4631, from Mele´ndez et al. (2015). Im-
ages reproduced from Howk and Savage (2000), Hoopes et al. (2005), Jones et al. (2019b), and Mele´ndez
et al. (2015).
both absorption and scattering: σd = σa + σs. A related quantity is the dust opacity,
κd = κa + κs, which is the effective cross section per dust mass so that ρκd = nHσd.
The observed extinction Aλ in magnitudes is directly related to σd and scales linearly
with NH:
Aλ =
2.5
ln 10
τd = 1.086 σdNH . (53)
Both absorption and scattering increase at shorter wavelengths causing reddening of
background objects. The slope of the extinction curve in the optical region is often
measured by the dimensionless quantity
RV ≡ AV/(AB − Av) = AV/E(B − V), (54)
where B and V refer to the B and V bands and E(B − V) is the color excess. This
quantity ranges from RV ' 1.2, for very small grains (grain size a << λ) where
Rayleigh scattering (Aλ ∝ λ−4) is dominant, up to RV → ∞ for grey extinction from
very large grains (a >> λ). The “classical” value, RV = 3.1, applies to the diffuse ISM
in the Milky Way (in that case, AV ' 0.53 (NH/1021 cm−2) mag; Cardelli et al. 1989),
but in practice RV shows significant scatter (RV ≈ 2–6) within the Milky Way and in
external galaxies, which underscores the environmental dependence of extinction.
The overall 0.1–30 µm extinction curve is characterized by a number of features
(see Fig. 6 in Galliano et al. 2018): (a) a steep rise in the FUV (sometimes as steep as
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λ−1), primarily attributed to absorption by small dust grains, (b) a bump around 2175
Å bump, produced by small carbon grains such as PAHs, graphite, or amorphous car-
bon, (c) a knee around ∼ 4000 Å due to scattering by large grains, and (d) a power-
law optical-NIR continuum (roughly ∝ λ−1). In addition, bright infrared sources with
A18 µm & 1 mag. (AV & 12 mag.) often present two prominent absorption features
at 9.7 and 18 µm, caused mainly by amorphous silicate although the distinct absorp-
tion features of unprocessed crystaline silicate have been detected in some ULIRGs
(Spoon et al. 2006). The infrared spectra of the most obscured sources also present
H2O, CO, and CO2 ice absorption features at 3.1, 4.7, and 15.2 µm, produced by icy
grain mantles deeply shielded from heating sources.
3.5.2 Scattering
The albedo, As,λ ≡ σs/σd ≤ 1, is a measure of the importance of scattering on the
overall extinction. For instance, in the NUV, As,λ ' 0.5 (Draine 2003). For a Galactic
dust-to-gas ratio, D/G ≈ 0.01, the dust scattering cross-section in the UV-optical
is > 1-2 orders of magnitude larger than the Thompson scattering cross-section of
electrons (σT = 6.65 × 10−25 cm−2). The dust scattering cross-section and its phase
function (angular dependence) may be decomposed into two functions (Weingartner
and Draine 2001; Draine 2003):(
dσs
dΩ
)
= Cs(λ) × p(θ), (55)
where θ is the scattering angle between the observer’s line of sight and the initial
direction of propagation of the photon from the light source to the scattering event.
For simplicity, Cs may be approximated as a power-law with wavelength Cs(λ) ∝ λ−α,
where the index α depends on x ≡ (2pia)/λ, ranging from α → 4 in the Rayleigh
scattering limit (x << 1) to α → 0 in the geometric optics limit (x >> 1). If all
dust grains had the same size, one would therefore expect a break in the wavelength
dependence of the scattered light at a critical wavelength λc ' a. In reality, the grain
sizes show a broad distribution which smears the spectral break.
In the weak scattering approximation (i.e. each photon scatters at most once), and
assuming the energy source is a point source of luminosity Lλ, the radiative transfer
equation of photons through a scattering screen is
dIs,λ
ds
'
(
Φλ
4pi
) ( Lλ
4pir2
)
nHσs,λ, (56)
where s is the path length, Is,λ is the measured scattered intensity, Lλ/(4pir2) is the
incident intensity at the scattering location, and Φλ is a wavelength-dependent factor
that captures the anisotropy of dust scattering. In the idealized case of a spherically
symmetric scattering screen surrounding a point source (e.g., dusty halo around an
AGN or compact starburst), the integrated scattered luminosity is simply
Ls,λ ' Lλ(1 − e−τs,λ ) ' Lλτs,λ, (57)
where a scattering optical depth τs,λ ≡ (D/G)NHσs,λ << 1 was assumed. While this
expression can be used in principle to estimate the dust column densities (D/G)NH of
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the scattering screen, a more accurate measurement requires using a radiative transfer
scattering model where a geometric model for the halo dust and disk emission is
adopted (Sect. 5.3).
3.5.3 Emission
Dust grains are heated by the absorbed photons and this energy is re-emitted at longer
wavelengths as infrared radiation. The dust mass may be estimated to first order by
fitting a simple single-temperature modified black body (MBB) to the infrared spec-
tral energy distribution using
Fν =
MdκνBν(Td)
d2
. (58)
Here Md is the dust mass (free parameter), Bν is the Planck function, Td is the dust
temperature (free parameter), d is the distance to the galaxy, and κν is the dust emis-
sivity, κν = κ0(ν/ν0)β, where κ0 is the dust opacity at 350 µm. A commonly used value
for κ0 is 0.192 m2 kg−1; this value of the dust opacity is based on the best fit of the
average FIR dust emissivity for the Milky Way model presented in Draine (2003),
which yields a best-fit spectral index value of β = 2.0. Caution must be taken as
the normalized dust model opacity cross-section, κ0, is associated with a dust model
with β = 2.0 and thus, discrepancies may arise between the results from a single-
temperature MBB fit with a fixed emissivity and with an emissivity as a free param-
eter (see Bianchi 2013, for a review). Note also that more recent fits to the infrared
SED of the Milky Way, and other Local Group galaxies, suggest a lower value for β
(= 1.62; e.g., Planck Collaboration et al. 2014). These fits may be refined by adding
additional MBB components with different dust temperatures to better capture the
full infrared SED. These simple MBB fits are usually carried out using the infrared
SED above ∼30 µm, which is largely featureless and dominates the dust mass deter-
minations. The far-infrared and submm-wave emissivity increases with the porosity
of dust grains (Jones 1988).
The underlying assumption of this fitting method is that the dust is in thermal
equilibrium wih the ambient radiation field. This is true for large dust grains with
large enthalpy, but that is not the case for small grains (a . 0.02 µm) where the ab-
sorption of a single photon will cause a significant temperature spike (“stochastic”
heating). These temperature fluctuations complicate the small-grain dust mass esti-
mates, although constraints from Spitzer spectra have helped refine the absorption
properties of these small grains and thereby their contributions to the overall dust
masses (e.g., Draine et al. 2007; Chastenet et al. 2019). The small grains that emit in
the mid-infrared have characteristic broad emission features with Drude-like profiles
centered at 3.3, 6.2, 7.7, 8.6, 11.2, 12.7, and 17 µm. These features are most likely
due to optically active vibrational modes of C-C, C-C-C, and C-H bonds in poly-
cyclic aromatic hydrocarbons (PAHs) with .103 carbon atoms. The relative intensity
of these features may be used to diagnose two key properties of the PAH population:
brighter short-wavelength PAH features relative to the long-wavelength features in-
dicates an excess of small PAHs in the PAH population, while bright 6–9 µm features
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indicate more abundant PAH+ ions relative to PAH0 molecules (e.g., Draine and Li
2007; Beira˜o et al. 2015).
Two broad silicate features from warm (∼ 200 K) dust have been detected in
emission at 10 µm and 18 µm in several type 1 and 2 quasars and AGN, including a
low-luminosity LINER (e.g., Siebenmorgen et al. 2005; Hao et al. 2005; Sturm et al.
2005, 2006; Teplitz et al. 2006; Schweitzer et al. 2008). The strength of the 10 µm
bump relative to that of the 18 µm bump is a diagnostic of the dust temperature and
can thus be used to estimate the location of the warm dust with respect to the energy
source as long as the incident heating spectrum and intensity are known. For instance,
Schweitzer et al. (2008) have argued that the bulk of the silicate emission in type 1
PG QSOs arises from dust in the innermost portion of the NLR (∼ 10−300 pc), well
outside of the dust sublimation radius (Sec. 3.5.6).
Finally, dust continuum emission has also been detected below ∼ 10 µm in the
Milky Way and external galaxies (e.g., the “extended near-infrared emission” at ∼
3–7 µm in Sellgren et al. 1983; Barvainis 1987; Sturm et al. 2000; Xie et al. 2018).
In general, grains heated by single photons of energy hν radiate most of their energy
at Tpeak given by Tpeak ∝ a−3/4(hν)1/4. The dust emission below 10 µm therefore
indicates the presence of very small grains (VSGs) and nanometer-size particles at
T = 300–1500 K.
3.5.4 Polarization
Dust may induce polarization through scattering, dichroic extinction, and dichroic
emission. The level of linear polarization due to dust scattering reflects the dust
composition, grain size, and spatial distribution with respect to the light. It peaks
in the FUV where σs is largest and strongly forward directed (e.g., Zubko and Laor
2000). Dichroic extinction is produced when photons propagate through a screen
of dust where the elongated grains are aligned along the magnetic field. The polar-
ization is perpendicular to the magnetic field and peaks in the optical according to
P(λ) = Pmax exp[−0.92 ln2(λmax/λ)], where λmax = 0.55 µm (Serkowski et al. 1975;
Draine and Allaf-Akbari 2006), followed by a power-law extension from 1.4 µm up
to 4 µm with an index of −1.7 (Martin et al. 1992; Draine and Fraisse 2009). The
warm dust in this screen will also produce polarized thermal emission, but in this
case the polarization is parallel to the magnetic field. Spectropolarimetry in the UV-
optical has also been used to measure the velocity of the dusty scatterers relative to
that of the line-emitting gas (e.g., Yoshida et al. 2011, 2019).
3.5.5 Depletion
Dust primarily consists of silicates (Mg, Fe, Si, O, Na, and Al in various combina-
tion including Mg2SiO4, MgFeSiO4, MgSiO3, Mg0.5Fe0.5SiO3, Na0.5Al0.5SiO3, SiO2,
and SiC; e.g., Bouwman et al. 2001; Min et al. 2007) and carbonaceous material (C
in graphite and organics). Refractory elements with high condensation temperatures
(e.g., many of the iron peak elements primarily produced in Type Ia SNe) are over-
represented in dust grains compared with volatile elements (e.g., elements arising
from α-capture processes), resulting in differential elemental depletion in the gas
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phase when dust is present. This depletion pattern has been used to constrain the
dust content of a wide variety of environments in the Milky Way and elsewhere (e.g.,
Savage and Sembach 1996; Jenkins 2009). Depletion is seen to scale with the mean
density of the medium (e.g., Savage and Bohlin 1979; Crinklaw et al. 1994). Follow-
ing Jenkins (2009) and Galliano et al. (2018), the depletion of an element X is defined
as [
Xgas
H
]
≡ log
( X
H
)
gas
− log
( X
H
)
ref
'
[
Xgas
H
]
0
+ AX × F∗ (59)
where the term with subscript “ref” is the reference value of the abundance when
no dust is present. The depletion is approximated as a first-order polynomial with a
fixed term, the minimum depletion, which corresponds to the core of the grains, and
a varying environmental factor attributed to accretion of mantles in denser environ-
ments (F∗ is called the depletion strength). While most depletion measurements in the
neutral and ionized phases of our Milky Way and external galaxies have been made
using UV-optical absorption lines, X-ray spectroscopy may be used to determine the
depletion pattern in hot plasmas by measuring the depth, structure, and energy of the
photoelectric absorption edges of C (K, 284 eV), O (K, 538 eV), Fe (L2,3, 708, 721
eV) Mg (K, 1311 eV), Si (K, 1846 eV), and Fe (K, 7123 eV) (e.g., Schulz et al. 2002;
Draine 2003; Gatuzz et al. 2015, 2016).
3.5.6 Dust Cycle: Formation and Destruction
Dust is created in the cooling ejecta of asymptotic giant branch (AGB) stars with
initial masses of 0.8–8 M and in Type II SNe from 8–40 M stellar progenitors.4
The detection of dust at z > 6 implies a significant contribution from supernovae in
the early universe (Maiolino et al. 2004). The dust grains produced by AGBs and SNe
act as seeds that grow, via accretion, in the ISM, on a time scale (Asano et al. 2013)
tacc ' 2.2 × 104
(
a
0.1 µm
) ( nH
104 cm−3
)−1 ( T
104 K
)−1/2 ( Z
0.0129
)−1
yr. (60)
Several processes may destroy this dust including collisions with other grains, sput-
tering due to collisions with ions, sublimation or evaporation, explosion due to ultra-
violet radiation, and alteration of grain material by cosmic rays and X-rays. Many of
these processes are associated with SN shocks. In this context, a distinction is made
between thermal sputtering, where the sputtering rate only depends on the local gas
properties (namely nH and T ), and non-thermal (inertial) sputtering, where the dust-
gas relative velocity is a crucial parameter. The thermal sputtering timescale is
tsput ' 3.3 × 103
(
a
0.1 µm
) ( nH
10 cm−3
)−1 ( Ytot
10−6 µm yr−1 cm3
)−1
yr, (61)
where Ytot is the sputtering yield. For both silicate and carbonaceous dust, the sputter-
ing yield hovers around ∼10−6 for 106 K . T . 109 K, and drops precipitously below
∼106 K (Nozawa et al. 2006; Hu et al. 2019).
4 Sarangi et al. (2019) have recently suggested that nuclear AGN winds may also be sites of dust for-
mation.
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This timescale is shortened by factors of ∼2-3 in SN environments where non-
thermal sputtering is important (e.g., Hu et al. 2019). The threshold temperature
below which sputtering becomes inefficient corresponds to a shock velocity vs '
300 km s−1 (Ts/106 K)1/2. It is not clear at present to what extent dust is able to sur-
vive faster shocks (e.g., Arendt et al. 2010; Lakic´evic´ et al. 2015; Temim et al. 2015;
Dopita et al. 2016), although the presence of dust behind the reverse shock in some
SN remnants (e.g., Kochanek 2011; Matsuura et al. 2019) and in galaxies in general
(Gall and Hjorth 2018) suggests that dust is either more resilient than originally pre-
dicted (e.g., Silvia et al. 2010; Biscaro and Cherchneff 2016) or it reforms rapidly
behind the shocks (Humphreys et al. 2012; Seale et al. 2012; Gall et al. 2014) despite
models predicting the contrary (e.g., Biscaro and Cherchneff 2014).
In a galaxy with a powerful nuclear source of UV radiation like an AGN, dust
sublimation will also be a factor. Dust will sublimate if located within
rsubl = 1.3
(
LUV
1046 erg s−1
)1/2 ( T
1500 K
)−2.8
pc (62)
from the AGN (Barvainis 1987; Netzer 2013). This expression assumes graphite
grains with a = 0.05 µm and an evaporation temperature of ∼1500 K. Silicate grains
have a lower evaporation temperature of ∼800-1500 K, depending on the grain size
and exact composition, resulting in a larger sublimation radius (Kimura et al. 2002).
4 Best-Studied Cases of Cool Outflows
4.1 The Milky Way and the Magellanic Clouds
4.1.1 The Milky Way
The Milky Way is not only the nearest laboratory at our disposal to study cool out-
flows, it is also an excellent test case for quenched galaxies since it lies squarely in
the “green valley” (Mutch et al. 2011; Bland-Hawthorn and Gerhard 2016) and has
not undergone any significant galaxy mergers in the past ∼8−11 Gyr (e.g., Belokurov
et al. 2018) that would have erased the signatures of fossil outflows or revived the star
formation activity by bringing new fuel for the next generation of stars.
The existence of a large-scale outflow centered on the Galaxy center (GC; d =
R0 = 8.18 kpc, 1 pc = 25.2′′; Gravity Collaboration et al. 2019) has been suspected
for many years. Long before the Fermi discovery of two giant ∼ 12-kpc 1-100 GeV
γ-ray emitting bubbles extending ∼ 55◦ on either side of the Galactic center (Fig. 9a;
Su et al. 2010; Dobler et al. 2010; Ackermann et al. 2014) and the earlier discovery
of a microwave “haze” in the data from the Wilkinson Microwave Anisotropy Probe
(WMAP; Finkbeiner 2004; Dobler and Finkbeiner 2008; Planck Collaboration et al.
2013), it has been argued that the large radio-emitting shells and filaments seen in
the direction of the GC (particularly the Ω-shaped Galactic Center Lobe reported by
Sofue and Handa 1984) and their X-ray counterparts in the 1.5-keV ROSAT all-sky
maps (Fig. 9d; Bland-Hawthorn and Cohen 2003) are indicative of a large (± 3 kpc)
bipolar outflow of warm-hot plasma centered on the GC. Recently, it has been shown
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that the Galactic Center Lobe is part of a larger bipolar radio structure spanning 430
pc centered on the GC (Fig. 9c; Heywood et al. 2019). The X-ray emission in the
central ±2◦ (±250 pc) has also recently been mapped in exquisite details with XMM-
Newton and Chandra (Fig. 9b; Ponti et al. 2019) (see also Nakashima et al. 2019).
Two bipolar lobes are observed, one reaching the base of the northern Fermi Bubble
∼160 pc from the GC and the other extending beyond the base of the southern Fermi
bubble out to ∼250 pc (Fig. 9b). The thermal energy of these X-ray structures is mod-
est, ∼4 × 1052 ergs, corresponding to a power of ∼4 × 1039 erg s−1 for a dynamical
timescale of ∼3 × 104 yr (Ponti et al. 2019). Similar numbers are derived from the
radio structures (Heywood et al. 2019). This power can in principle be provided by
supernovae in the central star cluster (Lu et al. 2013) or a minor accretion or stellar
tidal disruption event (Rees 1988) onto the SMBH in the GC (MBH = 4.15 × 106 M;
Gravity Collaboration et al. 2019).
In contrast, the power needed to create the Fermi Bubbles is several orders of
magnitude larger, of order 1042−44 erg s−1 (or 1056–1057 ergs in total), depending on
the exact duration of the activity and how long ago this energy was injected in the
GC. These numbers favor a Seyfert-like SMBH accretion event in the recent past (a
few Myr ago) rather than a starburst event as the energy source for the Fermi Bubbles
and related structures (e.g. Zubovas et al. 2011; Guo and Mathews 2012; Yang et al.
2012; Bland-Hawthorn et al. 2013; Mou et al. 2014; Ruszkowski et al. 2014; Miller
and Bregman 2016; Bland-Hawthorn et al. 2019).5 The scenario in which slow but
sustained (& 108 − 109 yr) energy injection from protracted star formation activity
in the GC is responsible for the Fermi Bubbles (e.g., Crocker and Aharonian 2011;
Crocker et al. 2015) appears to be inconsistent with the energy injection rate inferred
from the X-ray properties of the MW hot halo (∼2 × 1042 erg s−1, Miller and Bregman
2016) and the spatially resolved stellar population within the inner ∼500 pc of the
GC (time-averaged star formation rate M˙∗ . 0.1 M yr−1 over the last 106 − 1010 yr,
implying an energy injection rate . 1040 erg s−1; e.g., Yusef-Zadeh et al. 2009; Bland-
Hawthorn et al. 2013; Barnes et al. 2017). While the exact value of this average star
formation rate is still a matter of debate,6 all estimates fall short by at least an order
of magnitude to explain the energy injection rate inferred from the MW X-ray data.
The first evidence for a cooler component associated with this large-scale outflow
was reported by Bland-Hawthorn and Cohen (2003), who showed the existence of a
limb-brightened bipolar structure of cool (∼20-30 K) dust extending ±1◦ ' ±140 pc
from the mid-plane of the Galaxy, coincident with the radio-emitting Galactic Center
Lobe structure (Fig. 9d). The total mass in the shells is ∼ 5 × 106 M, using a Galac-
tic dust-to-gas ratio, and the kinetic energy is ∼ 1 × 1056 (vsh/100)2 erg, assuming
an uncertain shell expansion velocity of 100 km s−1. The morphology, kinematics,
and physical conditions of the molecular gas in the central 250 pc of the Milky Way
(the so-called Central Molecular Zone or CMZ) have since been refined considerably
5 There is also evidence that the AGN in the GC was ∼105 more active in the recent past (∼102−3 yrs),
although still greatly sub-Eddington (L/LEdd . 10−5), based on the detection of strong fluorescent Fe Kα
line emission off of molecular clouds near the GC (Sunyaev et al. 1993; Koyama et al. 1996; Ponti et al.
2010).
6 For instance, Krumholz et al. (2017a) argue that the average SFR is closer to ∼ 1 M yr−1, more in
line with the estimated mass supply rate to the CMZ (& 1 M yr−1, Sormani and Barnes 2019).
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Fig. 9 The multi-phase outflow of the Milky Way. (a) All-sky gamma-ray emission map showing the ± 55◦
Fermi Bubbles (from Su et al. 2010). (b) X-ray lobes extending +1.0−1.5 degrees from the Galactic plane (from
Ponti et al. 2019). (c) Radio structure approximately on the same scale as in panel (b) (from Heywood
et al. 2019). (d) X-shaped 1.5 keV emission (left; 44◦ × 44◦ centered on the GC) and inner bipolar dusty
structure at 8.3 µm (right; 3◦ × 3◦) from Bland-Hawthorn and Cohen (2003). (e) CS(2-1) polar arc and
hourglass structure in the central 0.8◦ × 0.6◦, from Hsieh et al. (2016). (f) Vertical (± 0.2◦) velocity
structure of the CS(2-1) polar arc from Hsieh et al. (2016), averaged over Galactic longitudes l = [−0.18,
0.07]. (g) Deficiency in H I 21-cm emitting gas in the central 50◦ × 50◦, from Lockman and McClure-
Griffiths (2016). (h) Evidence of acceleration among the high-velocity H I clouds in the central 20◦ × 20◦
around the GC, from Lockman et al. (2019). Images reproduced from Su et al. (2010); Heywood et al.
(2019); Bland-Hawthorn and Cohen (2003); Hsieh et al. (2016); Lockman and McClure-Griffiths (2016);
Lockman et al. (2019), and Ponti et al. (2019).
using a large number of molecular gas tracers (e.g., Kruijssen et al. 2015; Tanaka
et al. 2018). While most of the gas kinematics in the CMZ is dominated by rotation
on closed elliptical orbits and radial inflow along the stellar bar (Sormani et al. 2015;
Krumholz et al. 2017a; Armillotta et al. 2019), or open streams and spiral arms (Hen-
shaw et al. 2016), it is clear that a number of features in this region have anomalous
kinematics (Henshaw et al. 2016; Oka et al. 2019; Yusef-Zadeh et al. 2019).
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One of these features is the extraplanar “polar arc” detected by Hsieh et al. (2016)
in the CS(2-1) and CS(1-0) lines (Fig. 9e-f). This feature extends up to ∼ 30 pc
above the GC and shows a radial velocity gradient of ∼5.5 km s−1 pc−1 (from 0 to
165 km s−1), suggestive of gas acceleration. This feature merges at the base of the
Galactic disk with a “molecular loop” with opposite (blueshifted) velocities, and has
elevated CS (2-1)/CS (1-0) ratios that are clearly distinct from that of the rotationally-
dominated central nuclear disk (CND). Another, fainter bubble is seen ∼7 pc below
the GC with apparent expansion velocity of ∼50 km s−1. The scale and velocities of
these anomalous features point to an expanding outflow with a timescale of a few ∼
105 yr, slightly shorter than the estimate of Bland-Hawthorn and Cohen (2003). The
CS(2-1) material at systemic velocity also shows a remarkable hourglass geometry
suggestive of a biconical (±6 pc) cavity evacuated by a recent outflow. In contrast,
the molecular gas on smaller scales shows surprisingly little evidence of outflowing
kinematics (Goicoechea et al. 2018). Similarly, there is little to no evidence for out-
flowing motion in the material making up the warm ionized gas streamers traced for
instance by [Ne II] 12.8 µm (Lacy et al. 1991; Zhao et al. 2009; Irons et al. 2012).
Clearly, the event that took place a few 105–106 yrs ago is not active anymore.
In parallel to this effort to map the large-scale molecular outflow in the GC, a
number of studies have searched for, and successfully detected, the neutral and warm-
ionized gas phases entrained in this outflow. The inner 3 kpc of the Milky Way disk
have long been known to be deficient in diffuse HI 21-cm emitting gas (Lockman
1984), and recent work by Lockman and McClure-Griffiths (2016) has revealed an
anti-correlation between HI and γ-ray emission suggesting a physical connection be-
tween the Fermi Bubbles and the HI central void (Fig. 9g). A population of ∼200
compact high-velocity HI clouds has been detected within ±1.5 kpc of the Galactic
plane, centered on the GC (McClure-Griffiths et al. 2013; Di Teodoro et al. 2018;
Lockman et al. 2019). Di Teodoro et al. (2018) have argued that the kinematics of
these clouds do not follow Galactic rotation but are instead consistent with a simple
GC-centered biconical volume-filling outflow model with a constant radial velocity
of ∼330 km s−1 and an opening angle > 140◦. These clouds show a broad range of
properties (r = 10–40 pc, NHI = 1018.2–1019.7 cm−2, nHI = 0.3–25 cm−3, MHI = 10–
105 M, assuming that they are at the distance of the GC), adding up to a total mass
of ∼106 M and a kinetic energy of ∼1.6 × 1054 erg. The best-fitting model implies
constant neutral-gas mass outflow rate of ∼ 0.1 M yr−1 and kinetic energy injection
rate of 5 × 1039 erg s−1 over the past ∼10 Myr. While these numbers may be off
by factors of a few, given new evidence of acceleration of these HI clouds (Fig. 9h;
Lockman et al. 2019), it is clear that this H I outflow is considerably less energetic
than that associated with the Fermi Bubbles, and may in principle be driven by a past
starburst rather than a recent AGN episode.
Using UV-bright background AGN and high Galactic-latitude stars projected be-
hind, near, or in front of, the Fermi Bubbles, FUSE and HST have provided a com-
plementary view of the large-scale outflow in the Milky Way over R ∼ 1–6.5 kpc
(Keeney et al. 2006; Bowen et al. 2008; Zech et al. 2008; Fang and Jiang 2014; Fox
et al. 2015; Bordoloi et al. 2017a; Savage et al. 2017; Karim et al. 2018). Blueshifted
and redshifted HVCs with maximum absolute LSR velocities that decrease with in-
creasing Galactic latitude |b| have been detected in absorption in both low- and high-
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ionization species in the direction of the Fermi bubbles. These data are consistent with
a decelerating multi-phase outflow with initial (launch) velocity of ∼ 1000–1300 km
s−1, where the cool and warm clouds are entrained within the flow (Bordoloi et al.
2017a). While the implied launch velocities of the UV-detected clouds exceed the
velocities of the HI 21-cm clouds in the HI model of Di Teodoro et al. (2018), the
dynamical time scale, or age, of the UV-detected outflow is similar (∼6-9 Myr) to
that of the H I outflow, pointing to a common outflow event. Bordoloi et al. (2017a)
estimate an average mass outflow rate of & 0.2 M yr−1 and a total mass of cool gas
entrained in both Fermi Bubbles of & 2 × 106 M, assuming [Si/H] ≈ [O/H] ≈ −0.5,
no correction for depletion onto dust grains, and mirror symmetry between the bub-
bles (Karim et al. 2018). Using an outflow velocity of 1300 km s−1, the total kinetic
energy associated with this outflow is ∼ 6 × 1055 erg, and the inferred energy injec-
tion rate is & 2 × 1041 erg s−1. The energy source (AGN or starburst) of this outflow
is again ambiguous, e.g. a star formation episode of SFR ' 1 M yr−1 sustained over
. 5 Myr (e.g., Krumholz et al. 2017a) may be capable of driving this outflow. More-
over, these numbers remain uncertain since the small number (8) of sightlines clearly
passing through the Fermi bubbles prevents a detailed 3D modeling of the outflowing
gas kinematics.
Overall, most of the neutral and molecular gas entrained in the outflow will not
escape the Milky Way. Instead, this material will participate in a large-scale galac-
tic fountain (Bregman 1980; Armillotta et al. 2019), feeding the Milky Way CGM
(Bland-Hawthorn and Gerhard 2016; Hodges-Kluck et al. 2016b; Zheng et al. 2019;
Werk et al. 2019; Bish et al. 2019; Fox et al. 2019), before falling back onto the outer
disk of the Galaxy, and providing new fuel for star formation. This may be a common
occurrence in quenched galaxies, but the very subtle signatures of the cool, warm,
hot, and relativistic fluids in this tenuous outflow will generally be challenging to
detect in external galaxies.
4.1.2 The Magellanic Clouds
The Large Magellanic Cloud (LMC; d ' 50 kpc) is a cauldron of star formation
activity likely triggered by the tidal interactions with the Small Magellanic Cloud
(SMC; MSMC ' 1/10 MLMC) and the Milky Way (MMW ' 100 MLMC). Fast (up to
∼200 km s−1) ionized outflow events have long been known to take place across the
disk of the LMC, particularly around the giant H II region 30 Doradus powered by the
mini-starburst centered on super star cluster R136 (e.g., Chu et al. 1993; Redman et al.
2003). The spectacular filamentary and bubbly appearance of the H I gas distribution
in the LMC (e.g., Kim et al. 1999, 2003), and the connection between the H I shell
velocities and the presence of H II regions and OB associations, clearly point to small-
scale injection of energy from supernovae and stellar associations into the ISM of the
LMC, but the question of whether these separate outflow events combine to drive a
large-scale outflow has been a matter of debate over the years. For instance, Staveley-
Smith et al. (2003) detected a complex of HI 21-cm line emitting HVCs at ∼ −100
km s−1 from systemic velocity that project onto the positions of giant HI voids. Given
the nearly face-on orientation of the disk of the LMC (i = 22◦; Kim et al. 1998), this
is strong evidence that this material has been ejected from the disk of the LMC, but
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it is not clear that these HVCs are part of a large-scale outflow rather than separate
events associated with individual bursts of star formation. UV studies with HST and
FUSE of stars embedded in the disk of the LMC (Howk et al. 2002; Lehner and
Howk 2007; Lehner et al. 2009; Pathak et al. 2011) have successfully answered this
question. The high detection rate of blueshifted F/UV absorption lines found in these
studies implies that the high-velocity material covers most of the galaxy, including
both quiescent and active regions of star formation. These data also indicate that the
high-velocity material has a multi-phase structure with neutral (O I, Fe II), weakly
ionized (Fe II, N II), and highly ionized (O VI) components, and shows evidence
of dust but no molecules. A recent analysis by Barger et al. (2016) of the spectrum
of an AGN behind the LMC has shown that the outflow is kinematically symmetric
with respect to the disk of the LMC with velocities reaching ∼110 km s−1 (after
deprojection), perhaps large enough for some of the gas to escape the LMC (Fig. 10a;
from Eq. (11), vesc ' 1.4 − 3 vcirc ' 90–200 km s−1, where vcirc = 65 km s−1; Kim et
al. 1998) and become part of the Milky Way halo. Barger et al. (2016) estimate a total
(neutral + ionized) outflowing gas mass of ∼1.3 × 106 M and a mass outflow rate of
0.04 M yr−1, assuming a typical outflow velocity of 50 km s−1. This mass outflow
rate is comparable to the star formation rate of the LMC, . 0.2 M yr−1 (Harris and
Zaritsky 2009).
(a)$
(b)$
Fig. 10 Cool outflows in (a) LMC and (b) SMC. The blue shaded region in (a) marks the kinematic extent
(∼ ±100 km s−1) of the multi-phase outflow in LMC, traced in both low- and high-ionization absorption
lines. In (b), the inset shows the peak H I intensity image of the SMC and the dashed box indicates the
region used to generate this spectrum. The dark grey shaded region in the spectrum indicates the H I gas
with velocity in excess of the escape velocity. Images reproduced from Barger et al. (2016) and McClure-
Griffiths et al. (2018).
The latest addition to the list of MW companions with cool outflows is the Small
Magellanic Cloud (SMC; d ' 60 kpc). McClure-Griffiths et al. (2018) recently re-
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ported the detection of a complex of H I 21-cm comet-shaped head-tail clouds, loop-
ing filaments, and compact (∼10-30 pc) high-velocity clouds, extending & 2 kpc from
the star-forming bar of SMC, and with measured velocities that deviate by up to 100
km s−1 with respect to the portion of the galaxy nearest to these features (Fig. 10b).
The total gas mass of this complex adds up to at least ∼1.3 × 107 M or about ∼
3% of the total atomic gas in this galaxy. The implied mass outflow rate, calculated
without correcting for possible projection effects, is ∼ 0.2-1.0 M yr−1, up to an order
of magnitude larger than the star formation rate of the SMC. Given the inclination of
the SMC bar (i ∼ 40◦; Stanimirovic´ et al. 2004) and the escape velocity of the SMC
(vesc ' 1.4 − 3 vcirc ' 85 − 180 km s−1, where vcirc = 60 km s−1; Stanimirovic´ et al.
2004), McClure-Griffiths et al. (2018) have argued that nearly 20-40% of the outflow-
ing material may be escaping out of the SMC. This may be considered a lower limit
since tidal stripping by the LMC and Milky Way, and ram-pressure forces associated
with the fast (∼300 km s−1; Kallivayalil et al. 2006) motion of the SMC through the
Milky Way halo, will promote the removal of any material that is outside of the host’s
main body. The implied dynamical timescale of the outflow (∼30-60 Myr) coincides
roughly with the age of the recent burst of star formation in the portion of the bar
nearest of the HI features, so it may very well have been at the origin of this outflow
event. The detection of diffuse Hα and X-ray emission (Winkler et al. 2015; Sturm
and Haberl 2014), as well as strong and broad O VI absorption features (Hoopes et al.
2002) throughout this region, indicates that the cool outflow is also accompanied by
a warm-hot ionized gas phase. The recent detection by Di Teodoro et al. (2019) of
molecular gas in two of the outflowing H I clouds indicates that a cold component is
also associated with this outflow.
4.2 Starburst galaxies: M 82 and NGC 253
The nearest starburst galaxies, M 82 and NGC 253, are both hosts of multi-phase
outflows. In both cases the driver of the outflow is star formation activity: neither
M 82 nor NGC 253 host energetically important AGN. The proximity of both galaxies
enables highly detailed views of the outflowing gas (Figs. 1 and 11).
4.2.1 M 82
M 82, a small galaxy part of the M 81 group, is the archetypal example of a starburst
galaxy. The group is strongly interacting with H I gas tails connecting M 81 to the
nearby M 82, NGC 3077, and NGC 2976 satellite galaxies (Yun et al. 1994; de Blok
et al. 2018). The interaction has likely triggered the starburst activity in M 82. Mod-
elling of near and mid-infrared observations indicates M 82 has a complex history
(Fo¨rster Schreiber et al. 2003). It likely underwent a powerful starburst in its central
500 pc 8–15 Myr ago peaking at 160 M yr−1, followed by a second burst in a circum-
nuclear ring (likely caused by a bar driving gas into the core) 4–6 Myr ago peaking at
40 M yr−1. The average recent star formation rate is 13–33 M yr−1, depending on
the contribution from low mass stars (Fo¨rster Schreiber et al. 2003).
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Fig. 11 Cool outflows in M 82. The red, green, and blue planes correspond to IRAC 8.0 µm (PAHs),
IRAC 3.6 µm (stars), and H I 21 cm line emission masked along the minor axis to show the velocities
corresponding to the outflow. Observations are from Engelbracht et al. (2006) and Leroy et al. (2015b),
respectively. The contours are the extended CO emission from the interferometric observations by Walter
et al. (2002). Images reproduced from Engelbracht et al. (2006); Leroy et al. (2015b); Walter et al. (2002).
The M 82 outflow is prominent in X-rays. Soft X-ray observations reveal an ex-
tended structure perpendicular to the major axis of the galaxy, extending several ar-
cminutes north and south of the nucleus (e.g., Strickland et al. 1997; Strickland and
Heckman 2009). Modeling of these data result in estimates for the mass loss rate
of the hot wind fluid of 1.4–3.6 M yr−1, and a terminal velocity of 1400 to 2200
km s−1, much larger than the escape velocity. The inferred hot plasma temperatures
are 3 to 8 × 107 K, much hotter than a soft X-ray emitting plasma despite the cold
mass loading in the central regions.
The wind is bright in warm, ionized, Hα emitting gas. This includes several fila-
ments associated with the disk and lower wind (Shopbell and Bland-Hawthorn 1998),
and a large nebular shell-like feature only weakly connected to the galaxy called the
“Hα-cap”, located at 12 kpc over the midplane of M 82 and coincident with soft X-ray
emission (Devine and Bally 1999; Lehnert et al. 1999). This feature is likely caused
by a 40–80 km s−1 shock driven by the wind (Matsubayashi et al. 2012). In any case,
the wind appears to move fast enough to escape, and it suggests the starburst has been
active for & 10 Myr and possibly much longer (Strickland and Heckman 2009).
The M 82 outflow is also prominent in far-infrared indicators of cold, dusty
phases. The wind has been imaged in polycyclic aromatic hydrocarbon emission out
to 6 kpc away from the midplane with varying ratios between PAH features, sug-
gesting some processing of the PAH carriers (perhaps grain shattering) takes place in
the wind (PAH; Engelbracht et al. 2006; Yamagishi et al. 2012; Beira˜o et al. 2015).
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Modeling of the dust properties across the near-UV, optical, and infrared finds that
the UV/optical emission in the wind cone is caused by scattering from dust grains
entrained in the flow (Hutton et al. 2014), and it also points to grain processing. The
dependence of the scattering on wavelength is best fit by either a steep power-law of
grain size, or by a model with a flatter power-law and a maximum size for the grains,
suggesting that large grains are missing from the entrained material. Polarization in
the far-infrared dust emission in both the disk and the outflow is observed to be a few
percent at 53 µm to a few tenths of a percent at 154 µm (where the central region
is much more depolarized, Jones et al. 2019b). The polarization traces an ordered
component of the magnetic field that is mostly oriented along the axis of the outflow,
perpendicular to the minor axis of M 82. Spectropolarimetric measurements in the
optical emission lines suggest that the dust is moving substantially slower than the
ionized gas in the wind of M 82 (Yoshida et al. 2011, 2019).
Near infrared H2 ro-vibrational transitions with E/k of a few thousand degrees
Kelvin have been observed in the outflow, likely collisionally excited by a combi-
nation of UV-heating from the central starburst and shocks (Veilleux et al. 2009b).
Lower energy mid-infrared H2 rotational quadrupole transitions are also observed,
with ratios that suggest they are excited by relatively slow velocity shocks with
vshock ∼ 40 km s−1 (Beira˜o et al. 2015). The entrained warm molecular gas mass
observed in the outflow is estimated to be 0.5 to 1.7 × 107 M.
The colder phases of the M 82 wind are also bright in CO and H I emission.
Walter et al. (2002) imaged the inner regions of the starburst and outflow, revealing a
complex geometry of molecular streamers including faint emission along the outflow.
Modeling of the CO excitation suggests densities n ∼ 103 cm−3 and warm tempera-
tures of up to 100 K (Weiß et al. 2005b). The complexity of the cold neutral wind of
M 82 is also reflected in the multi-component Na D absorption line profiles (Schwartz
and Martin 2004). Leroy et al. (2015b) find CO emission out to 3 kpc away from the
starburst, and significant HI emission associated with the outflow out to 5 kpc in the
north and 10 kpc in the south. The kinematics show line splitting, likely indicative
of a tilted bi-conical geometry. The speed of the molecular outflow is critically de-
pendent on the inclination assumed, but likely v ∼ 300 − 450 km s−1. Leroy et al.
(2015b) find a decreasing mass loss rate in the outflow as a function of distance to the
mid-plane, rapidly decreasing for H2 traced by CO, and more slowly decreasing for
H I and for total gas as inferred from the dust continuum. The total mass outflow rate
in the colder phases seems to be considerably higher than that in the hot wind fluid,
as modeled by Strickland and Heckman (2009). Martini et al. (2018) point out that
the H I kinematics are not compatible with an outflow launched only from the nuclear
region, but instead require launching over a ∼ 1 kpc region that matches better the
extent of the starburst. The kinematics are also not compatible with H I formation
through cooling from the much faster X-ray emitting hot phase. Moreover, Martini
et al. find that the H I is decelerating along the outflow: this is particularly well con-
strained on the more extended south side emission. The deceleration experienced by
the H I is too large to be due to gravity alone, suggesting that the ejected material
is experiencing other drag forces, perhaps from pre-existing material associated with
tidal debris. This casts further doubt on what fraction, if any, of the cold material may
escape the system (Martini et al. 2018).
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4.2.2 NGC 253
NGC 253, the Sculptor galaxy, is another prototypical example of a nearby starburst
(d ∼ 3.5 Mpc; Rekola et al. 2005). It is a barred galaxy and its starburst is cir-
cumnuclear, meaning it is highly concentrated in its central 200–300 pc. The star
formation rate in this region is ∼ 2–3 M yr−1 (Ott et al. 2005; Leroy et al. 2015a;
Bendo et al. 2015), and there is no evidence for an energetically important AGN.
High resolution submillimeter-wave imaging reveals a complex of massive clusters
in formation in the central 200 pc (Leroy et al. 2018), which encompass a large frac-
tion of the total nuclear star formation activity. A bi-conical wind emerges out of
this region, apparent in X-rays (Strickland et al. 2000, 2002), Hα emission and other
ionized lines (Sharp and Bland-Hawthorn 2010; Westmoquette et al. 2011), neutral
sodium emission (Heckman et al. 2000), polycyclic aromatic hydrocarbon emission
(Tacconi-Garman et al. 2005), OH absorption (Turner 1985; Sturm et al. 2011), and
spatially resolved molecular emission (Fig. 1e; Bolatto et al. 2013a; Walter et al.
2017; Zschaechner et al. 2018; Krieger et al. 2019). The geometry of the wind is
well characterized through Hα observations, emerging approximately perpendicular
to the plane of the galaxy and almost in the plane of the sky (inclination of 12◦)
with an opening angle of ∼ 60◦. NGC 253 has prominent lobes associated with its
outflow, extending to distances of ∼ 10 kpc away from the central region along the
galaxy minor axis. The extended emission is observed in X-rays, far-UV, Hα, and
radio-synchrotron (Bauer et al. 2007; Kapin´ska et al. 2017).
The molecular outflow in NGC 253 has a CO-emitting mass of ∼ 3− 4× 107 M,
and molecular mass loss rates estimated to be ∼ 20 M yr−1 (Zschaechner et al. 2018;
Krieger et al. 2019). By comparison, the mass of the Hα-emitting phase is . 107 M
(Westmoquette et al. 2011), and the inferred mass loss rate is ∼ 4 M yr−1 (Krieger
et al. 2019). The mass-loss rate in the hot, X-ray emitting fluid is estimated to be <
2.2 M yr−1 for reasonable flow parameters (Strickland et al. 2000). As a consequence
the cold, slower phase carries appears to dominate the mass loss from the central
starburst region.
Both the Hα and the CO-emitting material appear to be located in the walls of
the hot, X-ray emitting outflow, at least in the inner 0.5 kpc of the flow. Westmo-
quette et al. (2011) report a physical outflow speed for the Hα emitting material of
∼ 200 − 300 km s−1. They measure a velocity gradient that they interpret as accelera-
tion, with a magnitude of ∼ 0.6 km s−1 per parsec along the axis of the outflow cone.
Walter et al. (2017) measure a very similar (within de-projection uncertainties) veloc-
ity gradient of ∼ 1 km s−1 per parsec for the molecular material along their brightest
filament. It remains unclear what fraction of this material reaches escape speed, if
any. The existence of the extended lobes suggests that at least part of the flow can
reach very far distances from the starburst regions.
Walter et al. (2017) identify several molecules in the molecular outflow, including
species usually associated with dense gas such as HCN. They also point out that the
line ratios, to the extent they can measure, are similar in the filamentary ejecta and in
the central starburst. This suggests the molecular material may be entrained from the
central regions, rather than being formed in situ through condensation which would
require very fast chemistry to recreate the implied molecular abundances. Walter et al.
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(2017) also calculate the expected acceleration due to radiation pressure likely expe-
rienced by the material in the brightest filament. Their conclusion is that radiation
pressure cannot be the main source of momentum to explain the observed ejection
velocity, as it would require an extremely favorable and unlikely geometry.
4.3 Seyfert Galaxy: NGC 1068
NGC 1068 is a nearby (d = 14 Mpc, 1′′ = 70 pc) galaxy with a nuclear bar and a
massive pseudo-bulge (Kormendy and Ho 2013) that is often regarded as the pro-
totypical Seyfert 2 galaxy. It has a prominent starburst ring of ∼ 1–1.5 kpc radius
and a 200 pc molecular circumnuclear disk surrounding the AGN (e.g., Schinnerer
et al. 2000). Non-circular motions as traced by CO and also near-IR H2 in the inner
regions can be interpreted as due to in- and outflow motions (Galliano and Alloin
2002; Davies 2008; Garcı´a-Burillo et al. 2010; Krips et al. 2011). The nuclear gas
is dense (n > 105−6 cm−3) and can be probed by polar molecules such as HCN and
high-J CO emission. Studies suggest that the chemistry and physical conditions of
the gas is strongly impacted by the AGN, either by X-rays or shocks (e.g Tacconi
et al. 1994; Sternberg et al. 1994; Usero et al. 2004; Aalto et al. 2011; Viti et al.
2014; Garcı´a-Burillo et al. 2017). The nucleus is launching a radio jet that is (on
small scales) perpendicular to the nuclear water maser disk (Gallimore et al. 1997)
and creates a bow shock on 100 pc scales.
While the AGN in NGC 1068 is not as powerful as quasars (which are thought to
drive outflows energetic enough to quench star formation in their massive hosts), it is
much closer than any quasar (e.g. the closest quasar, Mrk 231 discussed in the next
section, is more than ten times more distant) and therefore it can be investigated in
far greater detail. Moreover, it offers the possibility of investigating both the outflow
associated with the radio jet and the radiatively driven component of the outflow.
The presence of an ionized outflow has been clearly detected by various authors,
through optical, UV and near-IR nebular tracers, in the shape of a biconical or hour-
glass structure co-aligned with the radio-jet (NE-SW), with velocities of several hun-
dred km s−1, exceeding 1,000 km s−1 in some locations (e.g. Pogge 1988; Cecil et al.
1990; Crenshaw and Kraemer 2000; Tecza et al. 2001; Cecil et al. 2002; Das et al.
2006; Zheng et al. 2008; Barbosa et al. 2014; Vermot et al. 2019). However, one pecu-
liarity is that the high ionization lines and lower ionization lines, tracing denser gas,
have opposite velocities. For instance in the NE cone (which is the one on the near
side of the disk), [O III] 5007 Å is blueshifted while [Fe II] 1.64 µm is redshifted.
This has been interpreted (Fig. 12d) as evidence that the bow shock generated by
the radio jet accelerates low-density, more highly ionized gas (being directly exposed
to the AGN ionizing radition) out of the galactic plane in our direction, while the
bow shock on the far side ploughs into the galactic disk and accelerates denser and
less-ionized gas in the opposite direction.
Recent high-resolution ALMA observations of NGC 1068 reveal molecular out-
flows on what may be several scales. Garcı´a-Burillo et al. (2014) mapped various
high transitions of CO, HCN, HCO+ and CS showing motions of dense gas, on scales
from 50 to 400 pc, that deviate from rotation (Fig. 12a). This emission is consistent
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Fig. 12 Cold outflows in NGC 1068. (a) Residual velocity field (after subtracting the rotation field) traced
by the CO(3-2) line, with the 22 GHz radio map overlayed with contours. Adapted from Garcı´a-Burillo
et al. (2014). (b) Location of different kinematics components in the central few pc of NGC 1068; blue v
< −70 km s−1, red v > 70 km −1, yellow −70 km s−1 ≤ v ≤ 70 km s−1; circles for CO(6-5), diamonds for
the nuclear water maser disk. Note that the CO(6-5) outflow has inverted velocity profile with respect to
the large-scale molecular outflow. Adapted from Gallimore et al. (2016). (c) HCN(3-2) profile extracted
from the central 1.2 pc, at the location of the radio core, showing a clear P-Cygni profile. Adapted from
Impellizzeri et al. (2019). (d) Sketch of the central region of NGC 1068 illustrating the outflow on large
(100 pc) scales, driven by the expansion of the bow-shock generated by the radio-jet. (from Garcia-Burillo
et al. 2019). (e) Sketch of the kinematic model of the molecular torus described in Garcia-Burillo et al.
(2019).
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with the outflow previously traced by the low ionization tracers, i.e. in the opposite
direction of the high ionization transitions (e.g. [O III] 5007 Å). One interpretation is
that this apparently outflowing molecular gas is also part of the dense gas in the galac-
tic disc that is being accelerated by the oblique bow shock (Fig. 12d). This molecular
outflow is estimated to have M˙ ∼ 63 M yr−1, which is an order of magnitude higher
than the star formation rate at these radii. Nuclear depletion times are short (less than
1 Myr). The inner gas reservoir may be rapidly replenished by inflows from the outer
disk, especially given the streaming gas resulting from the torques exerted by the stel-
lar bar. A fast (∼ 400 km s−1) molecular outflow has been detected on smaller scales,
a few parsecs from the nucleus (Fig. 12b; Gallimore et al. 2016), but this nuclear
molecular outflow has velocities in the opposite direction as that of the molecular
outflow on large scales, i.e. going out of the disk. This nuclear molecular outflow
appears to be disconnected from the molecular outflow on larger, 100-pc scales, and
may have a different origin. While the large-scale molecular outflow is associated
with gas in the galactic disk accelerated by the bow shock entering into the disc, the
nuclear molecular outflow is likely associated with nuclear clouds being directly ac-
celerated by the AGN radiation pressure or ram pressure from the nuclear disk-wind
(as in the disk-wind scenario proposed by Elitzur and Shlosman 2006).
Garcia-Burillo et al. (2019) have recently presented a model of the nuclear wind
(the outflowing torus) as well as an update of the 2014 jet expansion model (Fig. 12d).
A vertical component, in addition to the co-planar flow, is now included, that can
explain the CO line-splitting and large line widths. The model can also account for
the velocity structure of the highly ionized wind. This wind encounters less resistance
against expansion above and below the disk mid-plane resulting in opposite velocities
with respect to CO. Garcia-Burillo et al. also find that half of the mass of the torus is
outflowing (Fig. 12e), which means that this AGN feedback on very small scales is
also regulating the fueling and thus likely setting the AGN flickering timescale.
Interestingly, the pc-scale nuclear wind has also been directly detected as a P-
Cygni profile of the HCN(3-2) transition against the nuclear radio core (Fig 12c),
therefore implying that the nuclear outflowing gas must be very dense (∼ 107 cm−3;
Impellizzeri et al. 2019). The fact that such dense molecular clouds are already out-
flowing at high velocities (∼ 450 km s−1) so close to the nucleus, where the dynami-
cal timescales (a few thousand years) are far too short for the formation of molecules,
favor the scenario of outflowing molecular clouds resulting from acceleration of cir-
cumnuclear clouds rather than formation of molecular clouds from gas cooling inside
the hot outflow, at least on such small scales. Clearly, in NGC 1068 jet/bow-shock
driven molecular outflow and radiation-driven molecular outflow are both present at
the same time and both of them are relevant for the evolution of the nuclear region.
4.4 Quasar: Mrk 231
Mrk 231 is the nearest quasar known (z = 0.0422; d ' 180 Mpc; 1′′ = 0.867 kpc) and
arguably the best example of a “wind-dominated” fast-accreting (L/LEdd ' 1) quasar
where the signatures of the AGN-driven outflow are detected on virtually all spatial
scales, from the AGN accretion disk to the CGM. As such, Mrk 231 offers a unique
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laboratory to study a phenomenon that might be more common in the early universe
during the epoch of formation and fast growth of SMBHs. Mrk 231 is the end-product
of a (locally) rare infrared luminous gas-rich galaxy merger which provided the right
conditions to trigger both a luminous AGN and a powerful circumnuclear starburst
(M˙∗ ∼ 140 M yr−1; this starburst accounts for about 30% of the bolometric lumi-
nosity of the system; e.g., Veilleux et al. 2009a).
As shown in Figure 13a, broad spatially unresolved blueshifted absorption line
features are detected in the nucleus across the range ∼ −3500 to −6000 km s−1 in
several transitions including many low-ionization species (e.g. Na I D 5890, 5896, He
I∗ 3889 and 10830, Ca II H and K, Mg II 2796, 2803, and Mg I 2853, as well as several
NUV Fe II features, hence fitting the rare FeLoBAL category; e.g., Boksenberg et al.
1977; Smith et al. 1995; Gallagher et al. 2002, 2005; Rupke et al. 2002; Veilleux
et al. 2013b, 2016; Leighly et al. 2014). Dust within the outflowing clouds is required
to provide shielding for Na I D and also explain the blueshifted Lyα and C IV line
emission. The presence of excited-state Fe II UV60, 61, 62, 63, and 78 and He I∗ 3889
absorption lines leads to a distance of .2-20 pc between the absorber and the ionizing
source and implies a mass outflow rate and kinematic luminosity of the BAL outflow
of .10-100 M yr−1 and .1044−45 erg s−1 (Veilleux et al. 2016). Other indicators of
outflows in the nucleus include Blazar-like radio flares at 20 GHz, associated with
highly relativistic ejecta on pc scale (Reynolds et al. 2009, 2013), and the possible
(3.5-σ) detection of a P-Cygni Fe Kα 6.7 keV profile, indicative of an ultra-fast (∼
20,000 km s−1) outflow on smaller scales (0.001–0.01 pc; Feruglio et al. 2015).
A slower (.1500 km s−1), galactic-scale (∼ 0.1–3 kpc) cool-gas outflow has been
detected in Mrk 231 using multiple techniques (Fig. 13b-g): neutral-gas absorption
line tracers (Na I D: Rupke et al. 2002; Rupke and Veilleux 2011; Rupke et al. 2017;
Morganti et al. 2016, in HI), molecular-gas FIR absorption line tracers (Fischer et al.
2010; Sturm et al. 2011; Gonza´lez-Alfonso et al. 2014, 2017b), and molecular-gas
mm-wave emission line tracers (Feruglio et al. 2010, 2015; Aalto et al. 2012, 2015a;
Cicone et al. 2012; Alatalo 2015; Lindberg et al. 2016). The inferred cool-gas mass
outflow rate ranges from ∼ 100–200 M yr−1 (Na I D tracer; Rupke et al. 2017) to
500–1000 M yr−1 (OH and CO tracers; Gonza´lez-Alfonso et al. 2017b; Feruglio
et al. 2015), and the corresponding kinetic energy rate of the cool outflow is ∼ 0.2%
(Na I) and ∼ 1–3% of the AGN bolometric luminosity. Remarkably, the warm and
hot ionized components of the large-scale outflow are energetically insignificant in
comparison to the cool-gas component, barely detected in Hα (e.g., Rupke et al. 2017)
and the X-rays (Veilleux et al. 2014), respectively. Overall, the energetics of the large-
scale outflow strongly suggest that the AGN in Mrk 231 plays a dominant role in
driving this powerful outflow event.
The velocities, masses, and energetics of the neutral and molecular components
of the large-scale outflow in this object significantly exceed those discussed thus far
in this section. This is not surprising given the extremely powerful source of en-
ergy at the center, but this is also due to the remarkably dense and compact merger-
induced dust-obscured environment encompassing this energy source (N(H2) ∼ 1 ×
1024 cm−2 in the inner ∼100 pc; Aalto et al. 2015a), which helps capture an unusu-
ally large fraction of the radiative and mechanical energy produced by the quasar.
These special conditions may also help explain the other distinctive characteristics
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Fig. 13 The nuclear and large-scale cool outflows of Mrk 231. (a) Broad low-ionization absorption features
in the central AGN from Veilleux et al. (2016). (b) Spatially resolved velocity field of the Na I D absorption
line from Rupke and Veilleux (2011). (c) Blue wing in H I 21-cm absorption line, from Morganti et al.
(2016). (d) Blue and red wings in the CO (1-0) and (2-1) line profiles, from Feruglio et al. (2015). (e)
HCN signatures of the outflow from Aalto et al. (2015a). (f) OH signatures of the outflow from Gonza´lez-
Alfonso et al. (2017b). (g) Spatially resolved blue- and red-shifted CO line emission from Feruglio et al.
(2015). Images reproduced from Veilleux et al. (2016); Rupke and Veilleux (2011); Morganti et al. (2016);
Feruglio et al. (2015); Aalto et al. (2015a); Gonza´lez-Alfonso et al. (2017b).
of this outflow, including the virtual lack of an ionized component and the fact that
the cool outflowing gas clouds are embedded in the flow itself rather than distributed
along edge-brightened biconical structures like those in M82 and NGC 253. The
cooler molecular portion of the outflow in Mrk 231 is also denser on average (up
to ∼ 5 × 105 cm−3) than those in these two objects, and shows velocity-dependent
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HCN/HNC/HCO+ ratios, signs of chemical differentiation possibly due to shocks
(Sect. 3.4.5; Lindberg et al. 2016). Comparisons of the mm-wave spectra with the
predictions of RADEX non-LTE radiative transport models (van der Tak et al. 2007)
suggests that the molecular clouds making up this portion of the outflow can be repre-
sented as self-gravitating dense clouds, if a normal, Galactic HCN-to-H2 abundance
is assumed, but this result can be relaxed if HCN abundances are enhanced by shocks
or X-rays from the central quasar (Sect. 3.4.5; Aalto et al. 2015a). A recent study
reveal very bright CN emission from the Mrk 231 outflow. This may be due to UV
photons originating from star formation in the outflow itself, or from the quasar (Ci-
cone et al. 2019). Gonza´lez-Alfonso et al. (2018) have recently argued that the high
OH+ abundances relative to OH, H2O, and H3O+ measured from the Herschel spec-
tra imply a high ionization rate that cannot be explained by the unattenuatd hard
X-ray flux measured in this object (Teng et al. 2014). They suggest instead that low-
energy (10-400 Mev) cosmic-rays accelerated in the forward shock associated with
the molecular outflow are responsible for the ionization.
The current best estimate for the momentum injection rate of the large-scale out-
flow in Mrk 231 exceeds by a factor of 5–10 the total radiation pressure L/c from
the central energy source (quasar + starburst; Feruglio et al. 2015; Gonza´lez-Alfonso
et al. 2017b; Fluetsch et al. 2019), and thus favors the energy-driven scenario dis-
cussed in Sect. 2.2.1. A comparison of the kinetic energy of the X-ray nuclear wind
with that of the cool gas outflow (using Eq. (8) from Sect. 2.2.1) implies that most of
the kinetic energy in the X-ray wind goes into bulk motion of the swept-up molecular
material (Feruglio et al. 2015), although it is important to repeat that the detection of
the X-ray wind in this system is only at the 3.5-σ level.
4.5 Jetted AGN: Centaurus A, IC 5063, NGC 1266, and NGC 1377
4.5.1 Centaurus A
At a distance of only ∼3.8 Mpc (Harris et al. 2010, 1′′= 19 pc, similar to that of
M82 and NGC 253), Centaurus A or Cen A for short is the nearest radio galaxy
and a classic example of jetted energy making its way through the ISM of the host
galaxy, which in this case is an elliptical galaxy with a prominent dust lane and a
complex of HI-rich tidal debris left over from the merger or stripping interaction
of a small gas-rich galaxy 250-750 Myr ago (e.g., Schiminovich et al. 1994; Struve
et al. 2010; Morganti and Oosterloo 2018). Cen A is a low-power Fanaroff type I
radio source so it is perhaps not surprising to find very little evidence of outflowing
cool gas in the central inner kpc of this object. The dynamics of both the neutral
material (traced by H I 21 cm line emission and absorption) and molecular gas (traced
by CO, HCO+, HCN, and HNC absorption features) are dominated by a rotating
circumnuclear disk and intervening material likely associated with the dust lane (e.g.,
Liszt 2001; Morganti et al. 2008; Espada et al. 2010). The only cool-gas kinematic
features that may not fit this picture are the moderately broad (FWHM ∼ 50 km s−1)
H I and HCO+ absorption lines associated with the base of the nuclear jet, located ∼
10 pc from the AGN, where molecular hydrogen appears to be efficiently dissociated
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by X-rays from the AGN (Espada et al. 2010). A shell-like, bipolar structure 500 pc
to the north and south of the nucleus has also been detected by Quillen et al. (2006)
in Spitzer dust maps at 8.0 and 24 µm, suggestive of a coherent expanding structure
similar to that seen in the MW (Sect. 4.1.1), but this dusty outflow has not yet been
confirmed kinematically.
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Fig. 14 Jetted cool outflows. (a) Evidence for jet-induced star formation in filaments along the radio jets
of Centaurus A, from Neff et al. (2015). (b) Multi-phase outflow of IC 5063 detected in Brγ, H I 21
cm, H2 2.12 µm, and CO (2-1), at the location of the north-west radio lobe, from Morganti et al. (2015).
(c) Position-velocity diagram of CO(2-1) brightness temperatures along the radio jet axis of IC 5063,
from Oosterloo et al. (2017). (d) Same as (c) but for the ratio of the HCO+(4-3) and CO(2-1) brightness
temperatures, (e) CO(2-1) spectrum of NGC 1266, from Alatalo et al. (2011). The blue and red shaded
areas represent the outflow blue and red wing emission, respectively. (f) Map of the CO (2-1) blue and
red wing emission defined in panel (e). (g) Profiles of CO(2-1) (top), HCN(1-0) (middle), and CS(2-1)
(bottom) in NGC 1266, from Alatalo et al. (2015). Dark blue shading indicates the outflow emission.
Images reproduced from Neff et al. (2015); Morganti et al. (2015); Oosterloo et al. (2017); Alatalo et al.
(2011, 2015).
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The influence of the radio jet on the ISM is more apparent on larger scales. Deep
UV, infrared, and optical images have revealed two linear dusty line-emitting fila-
ments located ∼8 and ∼15 kpc north of the central AGN, coincident with young stars
with ages .10 Myr (e.g., Mould et al. 2000; Crockett et al. 2012) and well aligned
with the jet radio structures on the same scale (Fig. 14a; Neff et al. 2015; Hamer
et al. 2015; Salome´ et al. 2016; McKinley et al. 2018). FIR emission has also been
detected in a southern filament along the direction of the southern jet (Salome´ et al.
2016). The disturbed kinematics of the neutral and ionized gas in the northern fil-
aments suggest an on-going interaction with the radio jet (Oosterloo and Morganti
2005; Santoro et al. 2015b,a, 2016). These filaments have been interpreted as ev-
idence for jet-induced star formation at the level of a few 10−3 M yr−1 (e.g., De
Young 1981), although this is probably not the whole story. The high level of ion-
ization in the optical filaments strongly argues for additional ionizing radiation orig-
inating from the central AGN (e.g., Sharp and Bland-Hawthorn 2010; Santoro et al.
2015b,a; McKinley et al. 2018) or shocks induced by the interaction with the radio
jet (Santoro et al. 2015a; Salome´ et al. 2019) or with a wide-angle starburst/AGN-
driven wind that coexists with, and extends on similar scales as, the jetted outflow
(Neff et al. 2015; McKinley et al. 2018).
Taken at face value, the star formation rate in the northern filaments of Cen A is
2-3 orders of magnitude less than the inferred star formation rate in the central galaxy
(Salome´ et al. 2016), and thus the current level of jet-induced star formation will not
have a significant impact on the overall evolution of the host galaxy. Interestingly, the
star formation efficiency (or 1/tdepl = M˙∗/Mmol) in the filaments, measured from the
ratio of the star formation rate to the molecular gas mass derived using a CO-to-H2
that is appropriate for the low metallicities of the filaments (Z = 0.4 − 0.8 Z), is
also lower by about two orders of magnitude relative to that in the host galaxy. So it
shows that, while the jet-gas interaction may be needed to compress and cool the gas
to form stars, the local turbulent energy associated by this interaction (as evidenced
by the broad CO line widths; Salome´ et al. 2016) prevents the gas from forming new
stars efficiently.
4.5.2 IC 5063 and NGC 1266
IC 5063 and NGC 1266 are two other well-studied low-power radio sources hosted
by early-type hosts with prominent dust lanes and filaments. However, contrary to
Cen A, both of these objects harbour clear neutral and molecular outflows within
a kpc of their respective AGN. The case of the multi-phase jet-driven outflow in
IC 5063 is well documented and is summarized in Figure 14b-d: large bulk and tur-
bulent motion of the ionized, neutral, and molecular gas phases is present at the po-
sition of the bright north-western radio lobe (1.8′′ ∼ 520 pc from the nucleus), based
on the detection at this location of a HI 21-cm absorption feature with a blue wing
extending to about −700 km s−1 (Morganti et al. 1998; Oosterloo et al. 2000) and
broad emission lines with FWZI up to ∼1000 km s−1 from [O III] 5007 (Morganti
et al. 2007), [Fe II] 1.644 µm and H2 2.128 µm (Tadhunter et al. 2014; Dasyra et al.
2015), and CO and HCO+ (Morganti et al. 2013; Dasyra et al. 2016; Oosterloo et al.
2017). More modest bulk and turbulent velocities of ∼100 km s−1 and ∼600 km s−1,
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respectively, are detected at the position of the weaker eastern radio lobe (2.2′′ ∼ 450
pc from the nucleus). Ionized, neutral, and molecular mass outflow rates of ∼0.1,
∼35, and &12 M yr−1 are deduced from these data. The outflowing gas is of higher
density (&2000 cm−3 for the ionized gas, from the [S II] ratio, and up to ∼106 cm−3 in
the molecular phase, based on the ratio of HCO+/CO(3-2)) than the surrounding gas,
as expected if the gas is compressed by the radio jet (e.g., Wagner et al. 2012). Note
that the relative brightness of the 12CO lines indicate that the outflowing molecular
gas is optically thin, however (Dasyra et al. 2016; Oosterloo et al. 2017). Mukherjee
et al. (2018b) have recently produced three-dimensional hydrodynamic simulations
of a jet with powers 1044–1045 erg s−1 propagating through the multi-phase gaseous
disk of a galaxy that qualitatively reproduce many of the kinematic features observed
in IC 5063, assuming that the jet turned on 0.24 Myr ago (Fig. 3b).
The kinematics of the neutral and molecular outflows in NGC 1266 are less
extreme than those of IC 5063 (outflow velocities typically less than 250 km s−1;
Fig. 14; Alatalo et al. 2011; Davis et al. 2012; Nyland et al. 2013), but the recent
detection of broad wings in the HCN and CS spectra (Alatalo et al. 2015) indicates
that the outflowing molecular gas is dense and optically thick, which boosts the in-
ferred molecular mass outflow rate to ∼110 M yr−1, or ∼8 × larger than the optically
thin value reported in earlier papers. This large mass outflow rate and corresponding
kinetic power of ∼ 3.4 x 1045 erg s−1 are surprisingly high given the relatively modest
radio power of the central VLBA-detected source in NGC 1266 (Nyland et al. 2013).
The high brightness temperature (& 1.5 × 107 K) of this source is consistent with an
AGN origin rather than a compact starburst. Indeed, star formation (total M˙∗ ∼ 0.87
M yr−1) seems to be suppressed by a factor ∼50 given the amount of molecular gas
in this object. Alatalo et al. (2015) have argued that the energy injected by the AGN
stirs the host ISM and makes it more turbulent and less efficient at making new stars.
Shock excitation has indeed been proposed to play a role in producing the line emis-
sion in the outflowing molecular gas (Glenn et al. 2015) and the fast (up to ±900 km
s−1) ionized outflow that extends to ±4′′ (± 600 pc; Davis et al. 2012). Shocks could
also conceivably be responsible for some of the X-ray emission seen on a similar
scale (Alatalo et al. 2011).
4.5.3 NGC 1377
The most collimated molecular outflow discovered to date resides in the unassuming
lenticular galaxy NGC 1377. It is nearby (d = 21 Mpc) and of moderate luminosity
(log LIR = 9.63; Roussel et al. 2006). Deep mid-infrared silicate absorption features
imply that the nucleus is enshrouded by large masses of dust (e.g. Spoon et al. 2007).
High resolution mm- and submm-wave studies suggest a nuclear N(H2) of ∼ 1024
cm−2 (Aalto et al. 2016, 2017), but NGC 1377 is less obscured (on similar scales)
than extreme CONs such as IC 860, Arp 220 or NGC 4418 (discussed in Sect. 5.5).
NGC 1377 has a post-starburst optical spectrum which is likely a relic from a vigor-
ous star formation event about a Gyr ago, possibly as a result of an interaction.
The molecular outflow was first detected in CO (2–1) at relatively low 0.”6 (60
pc) resolution (Aalto et al. 2012) and appeared to be a young (1-2 Myr) biconic
molecular flow. However, higher resolution (0.”2) ALMA observations revealed an
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extremely collimated, 150 pc long jet-like structure in the CO 3-2 transition (Fig. 15),
surrounded by a slower, wide-angle wind. There are so far no indications of an out-
flow in ionized or atomic gas–although a v-shaped dust lane can be seen on kpc
scale in optical images. Interestingly, NGC 1377 is one of the most radio-quiet ob-
jects in the sky (e.g. Roussel et al. 2006; Costagliola et al. 2016) and there is so far
no evidence of a radio jet that could be responsible for the high collimation of the
high-velocity gas. Also, in contrast to molecular gas structures being carried out by
radio-loud jets, the high-velocity molecular gas is found on the spine of the colli-
mated flow. The CO (3–2) emission shows deviations from the symmetry axis, with
velocity reversals, wiggles, and intensity variations on several size scales. The veloc-
ity reversals led to the suggestion that the molecular jet is precessing (Aalto et al.
2016). The velocity of the outflowing gas is difficult to determine but a lower limit is
vout > 240 km s−1 and may be as high as 850 km s−1 if the disk inclination is high.
The total molecular mass in the collimated jet-like structure exceeds 2 × 106 M.
The CO emission is clumpy along the jet with a high velocity dispersion (σ = 40-90
km s−1) suggesting a highly turbulent medium and/or sideways ejection/expansion.
The v-shaped minor axis structures (surrounding the molecular jet) are either part of
a slower wide-angle wind, or material entrained by the molecular jet. In the latter
case, the small (150 pc) jet may potentially feed much of the mass into the kpc-scale
bipolar structures.
The lack of star formation indicators (e.g no NIR Paα or Brγ and the extreme
paucity of radio emission) have led to suggestions that NGC 1377 could be a nascent
starburst (Roussel et al. 2006). However, the highly collimated, and relatively pow-
erful high-velocity outflow, indicate that the molecular gas outflow is not driven by
star formation. It may be powered by SMBH accretion – either by inefficient, hot
(“radio-mode”) accretion, or by effective accretion of cold gas (“quasar-mode”). In
the former case the driving radio-jet is invisible, and in the latter case the molecular
jet would represent an unexplored form of AGN feedback, where the high velocity
gas is expelled in a collimated outflow and not a wide-angle wind.
It is also possible that the radio-quiet molecular jet of NGC 1377 represents ac-
cretion onto the nuclear disk (instead of onto the SMBH accretion disk) driving a
magnetohydrodynamic (MHD) wind in a process reminiscent of that seen (on much
smaller scales) in protostars.
5 Cool Outflows in the Local (z . 1) Universe
Only very few galaxies have been studied at the level of detail as those discussed in
Section 4. Many other galactic cool outflows have been identified using only one or
a few tracers, and often with data that do not enable the extraction of detailed infor-
mation, but only some basic outflows properties. The samples are also necessarily
biased and incomplete. Yet, these several studies are useful to obtain statistical infor-
mation of some of the basic properties of cool outflows as a function of other galactic
properties, which can shed light on the driving mechanisms of cool outflows and their
effects on galaxy evolution. This section summarizes the results on the local systems
defined as z . 1. Section 6 discusses the results at higher redshifts.
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Fig. 15 Jetted molecular outflow in NGC 1377. Left: Optical (B-I) image (from Roussel et al. (2006))
showing a southern outflow dust feature. Centre left: ALMA 20 pc resolution CO (3–2) data where emis-
sion at systemic velocity (0 - 60 km s−1) is shown in gray scale and the high velocity (projected 80 - 160
km s−1) jet emission in red and blue contours. Bottom left panels: Models of the high velocity emission of
a precessing jet. The left panel shows the observed data and the two right ones show models with different
precession angle (Aalto et al. 2016). Right panels: High resolution (3 pc) ALMA CO (3–2) image (without
the merged lower resolution data) showing the inner region and jet of NGC 1377 (Aalto et al. 2019, in
prep.). Images reproduced from Roussel et al. (2006); Aalto et al. (2016).
5.1 Neutral Atomic Gas Component
Neutral atomic outflows have been detected in several z . 1 galaxies via “down-the-
barrel” absorption-line spectroscopy of the host galaxies (including GRBs embedded
in the hosts), direct emission-line imaging and 3D IFS of the cool outflows, and trans-
verse absorption-line spectroscopy of background sources (quasars and galaxies) to
probe the host CGM. The full panoply of diagnostic tools discussed in Section 3.3
has been brought to bear on the characterization of these outflows.
Historically, fast neutral-atomic outflows were first unambiguously detected in
absorption in the spectra of quasars. Quasars with LOw-ionization Broad Absorption
Lines or LoBALs are characterized by broad (& 1000 km s−1) highly blueshifted (.
−1000 km s−1) absorption lines from Mg I and Mg II. This class of quasars is rare,
accounting for only ∼1.3% of all quasars (Trump et al. 2006). LoBALs with excited
states of Fe II or Fe III absorption (“FeLoBALs” such as Mrk 231; Sect. 4.4) are even
less common (∼0.3%; Trump et al. 2006). The sizes of these low-ionization outflows,
derived using Eq. (40) in the few z . 1 objects where the electron density can be
constrained, span a broad range from a few pc to a few kpc (Moe et al. 2009; Dunn
et al. 2010; Bautista et al. 2010; Aoki et al. 2011; Veilleux et al. 2016). These fast
nuclear winds may be the driving force behind the outflows seen on larger scales in
these same objects (Sect. 2.2.1 and 5.4).
Ironically, few neutral-atomic outflows have been detected using H I 21 cm (Sect. 3.3.1),
until recently (see review by Morganti and Oosterloo 2018). While this largely re-
flects the technical limitations of early-generation radio facilities, H I photoioniza-
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tion also plays a role behind the low detection rate of H I 21-cm absorption line in
powerful AGN with ionization rates QHI & 3 × 1056 s−1 (e.g., Curran et al. 2016,
2019; Aditya and Kanekar 2018). In contrast, down-the-barrel ground-based obser-
vations of absorption lines from neutral-atomic tracers such as Na I D 5890, 5896,
Mg II 2796, 2803, and Fe II 2586, 2600 against the host galaxy light (Sect. 3.3.3,
3.3.4, and 3.3.5) have been extremely successful at detecting cool outflows in gas-
rich z . 1 galaxies. Fast Na I outflows with inferred hydrogen column densities
NH ' 1020 −1022 cm−2 (based on Eq. (39)) are ubiquitous in powerful dusty starburst
and active galaxies, where dust in the hosts and within the outflowing gas shields
Na I (5.1 eV) against the .2432 Å radiation emitted by the starbursts and AGN (e.g.,
nearby U/LIRGs, Heckman et al. 2000; Rupke et al. 2002, 2005b,c,a; Martin 2005,
2006; Cazzoli et al. 2016). The detection rate (and velocities) of Na I outflows drops
precipitously with decreasing dust content AV , SFR, SFR per unit area, AGN power,
and stellar mass, averaging a value . 1% among the general population of optically-
selected star-forming and active galaxies in SDSS (e.g., Sarzi et al. 2016; Bae et al.
2017; Concas et al. 2019; Nedelchev et al. 2019; Roberts-Borsani and Saintonge
2019), in MaNGA-selected star-forming galaxies (Roberts-Borsani et al. 2020), as
well as in IR-faint quasars (Krug et al. 2010). Na I outflows in non-ULIRGs show a
dependence on galaxy disk inclination that indicates a preference for Na I outflows
to align along the minor axis of the host galaxy disk (Fig. 16; e.g., Chen et al. 2010;
Concas et al. 2019; Roberts-Borsani and Saintonge 2019). Recent Na I IFS observa-
tions of local ULIRGs and IR-bright quasars hint at a similar alignment of the neutral
outflowing gas along the minor axis of the underlying rotating gas structures on kpc
scales, although these outflows clearly subtend a wider angle and are more irregular
than those found in systems of lower SFRs and AGN powers (Rupke and Veilleux
2013b; Rupke et al. 2017).
Large ground-based optical spectroscopic surveys in the past decade have ex-
tended these down-the-barrel studies of neutral-atomic outflows to higher redshifts
using the Mg II 2796, 2803, Fe II 2586, 2600, and Mg I 2853 absorption features
redshifted into the optical band (e.g., Weiner et al. 2009; Rubin et al. 2010; Coil et al.
2011; Erb et al. 2012; Kornei et al. 2012, 2013; Martin et al. 2012; Bordoloi et al.
2014a; Rubin et al. 2014; Zhu et al. 2015; Heintz et al. 2018, using GRBs). Mg II
outflows with typical inferred hydrogen column densities NH & 1019 cm−2 (Mg II is
saturated when EWr & 1 Å so these columns are lower limits) are detected in most
(&60%) z ∼ 0.5 − 1.5 star-forming galaxies with SFR & 1 M yr−1, particularly face-
on galaxies (∼90%), implying ubiquitous biconical outflows with opening angle ∼
100◦ (Rubin et al. 2014). The wind maximum velocities (typically ∼ 200 − 400 km
s−1) and equivalent widths correlate only weakly with galaxy stellar mass and SFR
(Fig. 17, Weiner et al. 2009; Rubin et al. 2014). “Relic” outflows with typical veloc-
ities ∼ 200 km s−1 are often seen in post-starburst galaxies (Coil et al. 2011; Yesuf
et al. 2017), although in exceptional cases, possibly due to recent quasar activity or
extremely compact optically obscured starbursts, these winds reach velocities in ex-
cess of ∼1000 km s−1 (Tremonti et al. 2007; Diamond-Stanic et al. 2012; Geach et al.
2014; Sell et al. 2014; Maltby et al. 2019). In general, low-luminosity AGN do not
have a strong influence on the velocities and equivalent widths of these winds (Coil
et al. 2011; Yesuf et al. 2017).
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(a)$
(b)$
Fig. 16 Statistical properties of nearby neutral-atomic outflows based on the Na I D absorption doublet.
(a) Detections of inflows and outflows across the SFR −M∗ plane for disk galaxies (left and middle panels
are for different inclinations) and bulge galaxies (right panels). The top row shows inactive galaxies while
the bottom row shows AGN hosts. (b) Average inflow and outflow velocities as a function of SFR (left
panel) and M∗ (right panel). Images reproduced from Roberts-Borsani and Saintonge (2019).
The excellent FUV sensitivity of the Cosmic Origins Spectrograph (COS) on-
board HST has allowed to study in detail, albeit with limited spatial information, the
cool neutral-atomic and warm ionized gas phases of outflows in some of the nearest
and UV-brightest star-forming galaxies (e.g., Heckman et al. 2011, 2015; Heckman
and Borthakur 2016; Chisholm et al. 2015, 2016a,b, 2017, 2018) and even in a few
infrared-bright systems (Leitherer et al. 2013; Martin et al. 2015; Veilleux et al. 2016).
Chisholm et al. (2015) find weak (3.0–3.5σ) correlations between the Si II-based out-
flow velocities and SFR (vout ∝ M˙∗0.08−0.22), the stellar mass (∝ M0.12−0.20∗ ), and the
circular velocity (∝ v0.44−0.87circ ), where the index depends on whether the maximum
or centroid velocity is used as the outflow velocity (Fig. 18a). In contrast, Heckman
et al. (2015) and Heckman and Borthakur (2016) find stronger correlations between
the maximum velocity and SFR (vout ∝ M˙0.32∗ ), and the star formation rate surface
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(a)$
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Fig. 17 Statistical properties of neutral-atomic outflows based on the NUV Mg II and Fe II absorption
lines. (a) Maximum outflow velocities as a function of SFR, SFR surface density, and stellar mass. (b)
Equivalent widths of Mg II (top panels) and Fe II (bottom panels) as a function of the same quantities as
in (a). Images reproduced from Rubin et al. (2014).
density ΣSFR (Fig. 18b), consistent with momentum-driven winds where the momen-
tum comes from a combination of ram pressure from the wind, radiation pressure,
and cosmic rays (Sec. 2.2). The origin of the apparent discrepancy between these
kinematic studies is not clear, but is probably due to more than just one factor. The
results of Heckman et al. (2015) and Heckman and Borthakur (2016) are based on
Si III 1206 (IP+ = 16.3 eV) rather than Si II 1260 (IP0 = 8.15 eV), so they trace
the ionized component of these outflows rather than the neutral-atomic component.
However, this cannot fully explain the apparent discrepancy between these studies
since both Heckman et al. (2015) and Chisholm et al. (2015) find that Si IV, Si III,
Si II, and O I have virtually the same profiles and are thus co-moving within a single
outflowing structure. The limited number (. 50) of objects examined in these studies
no doubt adds noise to possible underlying relations. Sample selection may also be
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critical. While there is considerable overlap between the two samples, it is also clear
that the addition of the extreme starbursts from Diamond-Stanic et al. (2012) and
Sell et al. (2014) in the study by Heckman and Borthakur (2016) extends the range
of SFR and ΣSFR over the previous studies and therefore provides more leverage for
the fits. This comparison also raises a cautionary flag that the wide-spread practice of
reducing the velocity fields of these complex three-dimensional multi-phase outflows
to a single parameter (v50 or vmax) in a single tracer is bound to introduce consider-
able scatter in the scaling relationship with the host galaxy properties (see Table 1 of
Rupke 2018, for a summary).
(a)$ (b)$
(b)$
Fig. 18 Statistical properties of nearby low-ionization outflows based on HST spectra. (a) 90-percentile
Si II velocities as function of stellar mass and SFR, from Chisholm et al. (2015), (b) Maximum Si III
velocities as a function of the circular velocity and SFR, from Heckman and Borthakur (2016). Images
reproduced from Chisholm et al. (2015); Heckman and Borthakur (2016).
To go beyond a discussion of the kinetics of cool neutral-atomic outflow and ad-
dress their dynamical properties requires a measure of their physical extents (Sec.
3.2). The sizes of the outflows studied in the above HST data (r . 1 kpc) are derived
indirectly from detailed modeling of the photoionization conditions in the outflowing
material, carefully taking into account object-by-object variations in the metallicity
and ionization corrections (e.g., Chisholm et al. 2016a,b). In contrast, direct size mea-
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surements exist for a significant fraction of the cool neutral-atomic outflows based on
the Na I absorption line; they typically extend to a few kpc, with a range from .
1 kpc to ∼15 kpc (Rupke et al. 2005c; Martin 2006; Rupke et al. 2017; Roberts-
Borsani et al. 2020). These measurements should be considered lower limits since
they are limited by the sensitivity of optical spectrographs to detect this absorption
line against the faint galaxy continuum at large r. This has been made clear by the
detection in a few objects of redshifted resonant Na I emission well beyond the scale
where blueshifted Na I absorption is detected (Fig. 19a; Phillips 1993; Rupke and
Veilleux 2015). Scattered resonant and non-resonant line emission has also proven
to be very useful to constrain the size of the Mg II and Fe II outflows, which would
otherwise remain largely unconstrained from the absorption-line studies. The Mg II
and Fe II∗ emission line sizes derived from stacked long-slit composite spectra range
from a few kpc up to ∼20 kpc (Rubin et al. 2011; Erb et al. 2012; Martin et al. 2013),
although recent direct imaging and 3D IFS data indicate that most of the line emis-
sion appears to come from .4−10 kpc (Fig. 19b; Finley et al. 2017; Rickards Vaught
et al. 2019), and may be localized and strongly influenced by the nearest star-forming
clump, based on IFS of a few lensed systems at z ∼ 1 (Bordoloi et al. 2016; Karman
et al. 2016, most of the work on lensed systems has been done at higher redshifts; see
Sec. 6.2). Direct size measurements of neutral-atomic outflows also exist for a few
nearby sources mapped in the [C II] 158 µm line emission using Herschel or SOFIA
(Contursi et al. 2013; Kreckel et al. 2014; Appleton et al. 2018, Stone et al. 2019, in
prep.). All of these direct size measurements should be considered lower limits since
they are severely limited by the sensitivity of the observations. The recent detection of
Mg II-line emitting material out to 20 kpc in Makani, a compact starburst-dominated
galaxy at z = 0.459 mapped with deep KCWI IFS data (Fig. 19; Rupke et al. 2019),
underscores the need for deeper observations.
Transverse absorption-line studies of z . 1 galaxies using background quasars
and galaxies as probes of the CGM have provided additional constraints on the sizes
of cool neutral-atomic outflows (see review by Tumlinson et al. 2017). Studies of in-
dividual star-forming galaxies (Kacprzak et al. 2012; Martin et al. 2019) and stacked
spectra (Bordoloi et al. 2011; Me´nard et al. 2011; Lan et al. 2014; Lan and Mo
2018; Lan 2019) have shown that the strongest EWr & 0.3 Å Mg II absorbers with
NH & 3 × 1018 cm−2 lie within ∼ 50-80 kpc (. 0.25 − 0.40 Rvir) and are more preva-
lent along the minor axis of disk galaxies, as expected if they trace biconical cool
outflows emerging from the disk (Fig. 20). A similar result was found by Zhu and
Me´nard (2013) using strong Ca II H+K absorbers. The remaining strong Mg II ab-
sorbers seem largely aligned with the major axis of the disk and in co-rotation with
the disk (Bouche´ et al. 2012; Nielsen et al. 2015; Martin et al. 2019; Zabl et al.
2019). The excess of strong Mg II absorbers within ∼50–80 kpc may be even more
pronounced among quasars, especially luminous ones, although Mg II is rarely de-
tected down-the-barrel in these quasars suggesting that the nearest Mg II clouds have
been photoionized by the central AGN (Farina et al. 2014; Johnson et al. 2015). As
discussed in Sect. 6.2, a similar deficit is seen in quasars at higher redshifts, based on
C II absorbers (Prochaska et al. 2014; Lau et al. 2016).
Passive galaxies, on the other hand, show a lower–though non-zero–rate of inci-
dence of strong Mg II absorbers within ∼50 kpc than star-forming galaxies (Fig. 20ab;
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Fig. 19 Nearby neutral-atomic outflows in line emission. (a) Resonant Na I line emission (rightmost panel)
from the redshifted outflow component in a nearby ULIRG, compared with the Na I absorption and dust
distributions on the same scale, from Rupke and Veilleux (2015). (b) Non-resonant Fe II∗ line emission
from the blueshifted (left) and redshifted (right) outflow components in a z ' 1.24 galaxy, from Finley
et al. (2017). (c) Resonant Mg II line emission in z = 0.46 Makani, from Rupke et al. (2019). Images
reproduced from Rupke and Veilleux (2015) and Finley et al. (2017), and Rupke et al. (2019).
Lan et al. 2014; Lan and Mo 2018; Lan 2019), while the rate of incidence of H I ab-
sorption in general, and that of strong Mg II absorption on scales greater than ∼100
kpc, are virtually the same for both galaxy populations (Thom et al. 2012; Lan et al.
2014; Keeney et al. 2017; Lan and Mo 2018). Similarly, C II and Si II absorption
from the CGM around local dwarfs with modest SFR is much less common than in
massive star-forming galaxies (Prochaska et al. 2014; Johnson et al. 2017). This last
result seems at odds with model expectations of increasing mass-loading (and metal-
loading) factors with decreasing stellar masses (Muratov et al. 2015, 2017), and the
recent observations that support these predictions (Chisholm et al. 2017), unless the
CGM of these dwarf galaxies are dominated by unexpectedly high ionization states
like C IV and O VI (Bordoloi et al. 2014b), contrary to the results of Mathes et al.
(2014). The difference between passive and actively star-forming galaxies is also re-
flected in (1) the velocity distribution of the clouds in the absorption profiles, with the
blue star-forming galaxies showing a larger velocity dispersion than red galaxies of
the same masses, consistent with outflows in the star-forming galaxies (Fig. 20c; e.g.,
Nielsen et al. 2016; Lan and Mo 2018), and (2) the radial profiles of the Fe II/Mg
II ratio, which indicate a substantial contribution from Type Ia SN enrichment in
the inner halos of passive galaxies, but dominant enrichment from core-collapse SNe
throughout the halos of star-forming galaxies and in the outer halo of passive galaxies
(Zahedy et al. 2016). The well-known correlation between velocity width and metal-
licity in DLAs with NH > 1020.3 cm−2 has been shown to extend down to sub-DLAs
with NH = 1019 − 1020.3 cm−2 (Som et al. 2015; Quiret et al. 2016). This correlation
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Fig. 20 Statistical properties of NUV Mg II absorbers. (a) Frequency of occurrence as a function of posi-
tion angle with respect to the disk minor axis, for star-forming (blue) and passive (red) galaxies, from Lan
et al. (2014). (b) Mg II equivalent width as a function of the distance from emission-line galaxies (blue)
and luminous red galaxies (red), from Lan and Mo (2018). (c) Line-of-sight Mg II velocity dispersion as a
function of halo mass and galaxy types (color-coded), from Lan and Mo (2018). Images reproduced from
Lan et al. (2014) and Lan and Mo (2018).
has traditionally been interpreted as a mass-metallicity relation of the DLA galaxy
hosts, but in the present context it may instead reflect a connection between the wind
kinematics and the metallicity of the outflowing material.
Overall, down-the-barrel observations of cool outflows and transverse absorption
line studies of the cool CGM paint a picture where stellar feedback is capable of
driving cool neutral-atomic outflows with radial sub-virial velocities of ∼100−200
km s−1 out to 50–80 kpc (0.25–0.40 Rvir) into the halo, expelling cool gas out of the
central regions of the galaxies at rates that scale loosely with M˙∗ and ΣSFR. It is also
clear that the presence of a powerful quasar provides a significant boost in velocity,
momentum, and energy over and above those provided by the stellar processes, but
quasars also destroy the neutral gas in its proximity, reducing the rate of incidence
of line-of-sight neutral-atomic outflows unless the gas is shielded by dust in the host
or embedded in the outflow itself, as it is the case in Na I outflows. AGN of lower
luminosities do not significantly impact the kinematics of the neutral-atomic gas in
the host galaxies (this statement also seems to apply in general to the ionized phase
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of these systems, Wylezalek et al. 2019), although heating by these AGN may still
significantly reduce the ability of the cool gas to form stars (see also Sect. 5.2).
The cool outflowing material no doubt evolves on its way out of the galaxy, even-
tually decelerating and becoming more diffuse on average as it reaches CGM scales.
The inferred hydrogen column densities of the cool clouds cited above (NH ' 1020–
1022 cm−2 at the base of the outflows based on Na I D measurements and NH ' 1018–
1020 cm−2 in the strongest Mg II absorbers in the CGM) are uncertain and model-
dependent. The results depend sensitively on the ionizing field (is the starburst and/or
AGN contributing to the ionization in addition to the UV background radiation field?)
and the cloud structure (is the gas along each line of sight characterized by a single
density or a range of densities; e.g., Werk et al. 2014; Stern et al. 2016). The inferred
volume densities of these clouds are equally uncertain, although it is clear that they
span a broad range of values: nH ' 10−3 − 0.1 cm−3 for the Mg II CGM clouds
(Prochaska et al. 2011; Kacprzak et al. 2014; Werk et al. 2014; Stern et al. 2016;
Thompson et al. 2016; Zahedy et al. 2019), while nH ' 0.1 − 102 cm−3 in the in-
ner Mg II and Na I outflows (Prochaska et al. 2011; Tanner et al. 2016, 2017). The
inferred cloud thickness of the Mg II absorbers in the CGM ranges from .10 pc to
∼1 kpc (Stern et al. 2016; Zahedy et al. 2019), while their coherence length scale
across the sky, based on comparisons between results on QSO-galaxy and galaxy-
galaxy pairs (Rubin et al. 2018a,b), exceed ∼1.9 kpc, reflecting the scale over which
the number and velocity dispersion of these structures are spatially correlated. In
the few cases where it is measured reliably, the metallicity of the outflow on . kpc
scales is roughly solar, regardless of the host stellar mass (Chisholm et al. 2018).
The metal loading factor inversely scales with stellar mass, consistent with models
where outflows help shape the galaxy mass-metallicity relation (Mac Low and Ferrara
1999; Muratov et al. 2015, 2017; Emerick et al. 2018; Forbes et al. 2019; Maiolino
and Mannucci 2019, and references therein).The metallicity of Mg II absorbers on
CGM scales are typically 1/10 that of the hosts, although there is significant scatter
(Kacprzak et al. 2014, 2019). No doubt, complex mixing between the outflowing ma-
terial and the accreting and recycled gas is taking place in the CGM, and can account
for some of the large point-to-point metallicity variations (Pointon et al. 2019).
5.2 Molecular Gas Component
The detection of P-Cygni profiles (or simply blueshifted absorption) of the OH tran-
sitions of 79 µm or 119 µm (as discussed in Section 3.4.4), which identified the
first cool molecular outflow (in Mrk 231, Sect. 4.4, Fischer et al. 2010), has now
been extended to ∼ 50 galaxies thanks to Herschel spectroscopy (Sturm et al. 2011;
Veilleux et al. 2013a; Spoon et al. 2013; Stone et al. 2016). These samples are gener-
ally mostly restricted to (U)LIRGs, given the requirement of having a strong far-IR
source in order to get enough signal to noise on the continuum to properly detect
these features in absorption. Studies involving the detection of multiple molecular
species and multi-transition absorption features, which enable a more detailed mod-
elling of the outflow, are still restricted to about a dozen galaxies (Gonza´lez-Alfonso
et al. 2012, 2013, 2014, 2017b). In these cases detailed information on the outflow
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rate, energetics and size of the outflow can be inferred (although the abundances of
the various molecular species are still difficult to constrain properly despite recent
progress; Stone et al. 2018). Interestingly, the joint analysis of multiple transitions
has shown a stratification of the outflow with the inner regions (with sizes ranging
from a few pc to ∼100 pc) having higher temperatures (up to 400 K) and high col-
umn densities (up to NH > 1025 cm−2) and an outer, cooler (< 100 K) and more
rarefied (NH ∼ 1022 − 1023 cm−2) envelope, distributed on scales of several hundred
parsec. One should however take into account that the far-IR absorption features tend
to preferentially probe the inner, more IR-luminous regions of the galaxy (given by
the requirement of having a strong background far-IR source), hence more extended
component of outflows may be missed. For all other cases, for which only one or a
few transitions are available, generally the molecular absorption only provides some
basic information on the outflow velocity distribution.
The identification of molecular outflows through the detection and mapping of
CO transitions associated with high velocity gas has now been possible for more than
fifty local galaxies, especially in recent years thanks to ALMA enabling high sensi-
tivity and high angular resolution observations (see e.g. compilations in Cicone et al.
2014; Fiore et al. 2017; Fluetsch et al. 2019; Lutz et al. 2019). Some of these ob-
servations are very detailed and reveal very clumpy structures (e.g. Pereira-Santaella
et al. 2016, 2018; Cicone et al. 2019) and complex morphologies on different scales,
often difficult to describe with simple models (Combes et al. 2014; Tsai et al. 2012;
Sakamoto et al. 2014; Garcı´a-Burillo et al. 2014, 2016; Gallimore et al. 2016; Aalto
et al. 2016; Pereira-Santaella et al. 2016; Falstad et al. 2017; Pereira-Santaella et al.
2018; Herrera-Camus et al. 2019a; Treister et al. 2020). However, the bulk of these
observations are often still limited to the detection of high velocity wings of the CO
transitions, and only marginally resolved. This makes it difficult to properly charac-
terize the outflow properties, such as the outflow rate, kinetic power and momentum
rate, as the direct determination of the outflow extent is an important piece of informa-
tion to constrain these quantities (Sec. 3.2). One should also keep in mind that these
studies obviously suffer from biases. In particular, weak and low velocity outflows
tend to be missed, as the CO emission associated with these motions are difficult to
disentangle from the CO emission coming from the galactic disk, unless detailed,
high angular resolution mapping is available which enable modelling (and subtract-
ing) the galactic rotation curve (e.g. Zschaechner et al. 2016; Pereira-Santaella et al.
2016; Gallimore et al. 2016).
Generally, the outflow is traced in only one CO transition. In those few cases for
which multiple transitions are observed, these are typically consistent with an excita-
tion similar to that observed in the host galaxy (e.g. Cicone et al. 2012; Feruglio et al.
2015), although (as discussed in Sec. 4.4) there are also cases where the CO excita-
tion in the outflow is remarkably different than typically observed in galactic disks,
and in a few cases the very high CO excitation suggests an optically thin molecular
medium (Dasyra et al. 2016).
The detection of additional molecular species in the outflow is even rarer. How-
ever, it is often found that dense gas molecular tracers (such as HCN, HCO+, CN)
are enhanced in galactic outflows (Aalto et al. 2012; Garcı´a-Burillo et al. 2014; Aalto
et al. 2015a; Walter et al. 2017; Falstad et al. 2018; Barcos-Mun˜oz et al. 2018; Harada
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2018; Michiyama et al. 2018; Impellizzeri et al. 2019). Evidence that the outflow-
ing gas is systematically characterized by higher densities than in the host galaxy
is also found for the warm ionized component, as highlighted by various studies of
the density-sensitive nebular diagnostics, both in AGN and SF-driven winds (Perna
et al. 2017; Mingozzi et al. 2019; Hinkle et al. 2019, Gallagher et al. 2019, in prep.,
Fluetsch et al. 2019, in prep.). These results suggest that gas compression makes the
dense phase of the molecular gas more prevalent in outflows than in galactic disks (as
suggested by some models, Zubovas and King 2014; Richings and Faucher-Gigue`re
2018b), or that the more diffuse molecular phase is more easily evaporated and de-
stroyed (Scannapieco 2017; Decataldo et al. 2017) or both phenomena are at work.
Furthermore, recent models have suggested that massive molecular clouds in the out-
flows are self-gravitating and may evolve into dense cores (Decataldo et al. 2019).
The range of CO excitation properties and the range of dense-to-diffuse molec-
ular gas ratio suggests that the CO-to-H2 conversion factor in the outflow is also
subject to variations from case to case, which adds uncertainty to the determination
of the outflow properties. Those few outflows with multiple transitions available and
also observed in other species, suggest a broad range of conversion factors, span-
ning about an order of magnitude, ranging from αCO ∼ 2 M (K km s−1pc2)−1 to
αCO ∼ 0.3 M (K km s−1pc2)−1 (Weiß et al. 2001; Dasyra et al. 2016). The vast ma-
jority of studies cannot really constrain αCO, hence a fixed αCO is generally assumed.
In Aalto (2015), the impact of self-gravitating versus non-self gravitating dense gas
on the mass estimate is discussed.
Within this context, as already mentioned in Section 3.4.4, molecular outflows
have also started to be traced by exploiting sensitive observations of [C I] (e.g. Ci-
cone et al. 2018b), which (although locally these transitions are in a frequency range
more difficult to observe) is arguably a better tracer of the molecular gas. In particu-
lar, the [C I]-to-H2 conversion is considered less affected by environmental conditions
and scales only linearly with metallicity (as opposite to αCO which has a debated and
not fully understood super-linear dependence on metallicity). As already mentioned,
ALMA [C I] observations of the study case NGC 6240 have confirmed the presence
of a very massive fast molecular outflows extending on scales of several kpc scale
(Cicone et al. 2018b). The same observations have suggested that the CO-to-H2 con-
version factor in the outflow is as high as αCO ∼ 2 M (K km s−1pc2)−1.
Despite all of the biases and uncertainties discussed above, statistical studies of
molecular outflows in local galaxies have provided interesting information on the
scaling relations between the properties of molecular outflows and those of their host
galaxies.
Far-IR OH P-cygni profiles have provided the clearest identifications of outflows
and clear statistics on the outflow velocities, generally avoiding ambiguity with other
types of non-virial motions in studies based on transitions in emission. However,
geometrical effects and orientation have certainly prevented the detection of some
molecular outflows, specifically those outflows not oriented along our line of sight
(the case of NGC 1068, which has a nuclear molecular outflow detected in multiple
transitions, but no outflow signatures in its OH spectrum, is a clear example; Sec.
4.3).
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The OH absorption studies reveal a broad range of velocities v84 from a few 100
km s−1 up to a few 1000 km s−1 (Fig. 21; Veilleux et al. 2013a; Spoon et al. 2013).
Interestingly, the outflow velocity does not correlate with the SFR, while it shows a
clear correlation with the AGN luminosity. The fastest outflows are systematically
seen to be associated with very luminous (quasar-like) AGNs, clearly revealing that
luminous AGNs play a primary role in driving fast molecular outflows. In particular,
in some cases, the outflow velocity exceeds 1000 km s−1. Such fast outflows are
difficult to explain with models of starburst-driven outflows. Interestingly, ionized
outflows generally have higher velocities, suggesting a different origin of the two
phases. However, there are also outflows in which molecular and ionized phases have
nearly identical velocities; in these few cases the scenario of molecular gas forming
out of cooling from the hot phase may be a viable explanation (see Sect. 2.2.1 and
2.3.2 for more details). We return to this point in Sect. 5.6.
(a)$ (b)$ (c)$
Fig. 21 Velocities of nearby molecular outflows. (a) OH-based 84-percentile outflow velocities in
U/LIRGs (red) and BAT AGN (blue), from Stone et al. (2016). (b) Comparisons of CO and OH 84-
percentile outflow velocities in nearby gas-rich galaxies, from Lutz et al. (2019). (c) CO outflow velocities
as a function of AGN luminosities, color-coded by AGN fraction from Lutz et al. (2019). Images repro-
duced from Stone et al. (2016); Lutz et al. (2019).
In star-forming galaxies, the outflow rate is roughly proportional to the star for-
mation rate (upper right panel of Fig. 22 and Fig. 23a). The molecular outflow rate to
SFR rate is typically lower than unity. However, when taking into account the contri-
bution from the ionized and atomic neutral phases, the total outflow rate to SFR ratio,
i.e. the so-called “outflow mass loading factor”, is around unity, as expected and re-
quired by models of galaxy evolution in order to regulate star formation (e.g. Finlator
and Dave´ 2008; Dave´ et al. 2011; Somerville et al. 2015). The same correlation ex-
tends to powerful starbursts, although there are indications that it might saturate in
the most extreme objects in the early Universe (see Sec. 6.1).
The presence of an AGN can boost the outflow rate, and therefore the mass load-
ing factor, by one or even two orders of magnitude (top-middle panel in Fig.22 and
Fig.23a-b), providing further, unambiguous evidence that AGN feedback plays a key
role in regulating star formation in galaxies. However, the relation between outflow
rate and AGN luminosity has a large scatter. Fluetsch et al. (2019) clarify that part
of this scatter is due to the fact that one has to simultaneously take into account the
contribution of star formation and AGN when trying to identify scaling relations for
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Fig. 22 Energetics of nearby OH-based molecular outflows from Gonza´lez-Alfonso et al. (2017b). The
mass outflow rates (top row), momentum rates normalized by the radiation pressure, L/c (middle row),
and kinetic energy rates normalized by the luminosity, L, are plotted as function of the total infrared
luminosity (left column), AGN luminosity (middle), and starburst luminosity (right). Filled circles show
the values obtained by ignoring the more uncertain low-velocity components, while open circles include
them. Dashed lines in the upper right panel trace different mass-loading factors η ≡ M˙/M˙∗ = 2, 4, and 8.
The grey-shaded rectangles mark the momentum and energy rates that can be supplied by an AGN and
a starburst according to various models described in Gonza´lez-Alfonso et al. (2017b). Images reproduced
from Gonza´lez-Alfonso et al. (2017b).
outflows, and suggest that a diagram involving a near-linear dependence on both SFR
and AGN luminosity greatly decreases the scatter in the outflow scaling relations. The
scatter decreases even further if one includes also the dependence on the galaxy stellar
mass (Fig.23c-d), which is expected to play an additional important role as the deeper
gravitational potential well of massive galaxies suppress the development of massive
outflows (Eq. (6)). Interestingly, once the dependence on SFR and AGN luminosity
are simultaneously taken into account, the dependence on galaxy stellar mass follows
the relation M˙H2 ∝ Mα∗ with α = −0.41±0.25, i.e. consistent with the theoretical value
αth = −0.5 expected by many past models of outflows driven by star formation (Mitra
et al. 2015; Somerville et al. 2015; Chisholm et al. 2017). While more recent mod-
els and numerical simulations have obtained a more complex dependence on stellar
mass (Nelson et al. 2019; Tollet et al. 2019), they are however still broadly consistent
with the observations given the current large uncertainties and scatter. Often there
is also some level of misunderstanding between theoretical/simulated quantities and
observations on what is the definition of “outflow rate”, as observationally it is often
identified as the rate at which gas leaves the active region of the galaxy, while often
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in theoretical models the outflow rate refers to the fraction of the gas permanently
leaving the galaxy or the halo.
The residual dispersion in these relations is certainly partly due to uncertainties
in the measurements, but also likely associated with the flickering nature of AGNs
(Sect. 2.1.2). Indeed, black hole accretion can vary on timescales as short as a few
years, while the outflow dynamical scales are of the order of at least a few million
years (e.g. Schawinski et al. 2015; Gilli et al. 2000). Therefore, AGN-driven outflows
can easily outlast the black hole active phase (AGN-quasar) and one would expect a
significant population of “fossil” outflows. This phenomenon has been modelled in
detail by Zubovas (2018). The observational identification of such “fossil” outflows is
not easy, by definition, as the tendency is always to associate the outflow with the cur-
rently observed property of the host galaxy. However, recent studies have identified
massive and energetic molecular outflows which are extremely difficult to explain
in terms of star formation or (currently observed) AGN luminosity (Sakamoto et al.
2014; Fluetsch et al. 2019; Lutz et al. 2019); the most plausible explanation in these
cases is that the outflow is the result of a past ejection event produced by a (more
active) AGN/quasar phase, that has recently faded.
Various authors have attempted to infer the effect of the observed molecular out-
flows, especially the AGN-driven ones, on galaxy evolution. Given that molecular
gas is the main fuel for star formation, these massive molecular outflows are ex-
pected to affect significantly the evolution of star formation in galaxies. In some of
the AGN-driven outflows the ejection rate is so high (significantly higher than the star
formation rate) that, if maintained, it can potentially clean the galaxy of its molecular
gas content within only a few tens million years, hence potentially be effective in
totally quenching star formation on short timescales (Sturm et al. 2011; Cicone et al.
2014; Fiore et al. 2017; Gowardhan et al. 2018; Fluetsch et al. 2019). However, these
depletion times assume that there is no significant accretion on similar timescales
(assumption which may be appropriate locally but not necessarily in the distant uni-
verse) and that the observed outflow is not an isolated ejection event but a continuous
process (which is not really the case in the blast wave scenario and also in the case
of AGN flickering). Moreover, the depletion times are often calculated by using the
molecular gas content. If the total gas content is used, i.e. including the atomic H I
component, then the resulting depletion timescales are much longer. This suggests
that most of these outflows may be effective in cleaning (and quenching) the nuclear
region of galaxies, but not globally, across the entire disk. This is indeed expected
by detailed, zoom-in 3D numerical simulations, illustrating that even for the most
energetic outflows the bulk of the outflow escapes along the path of least resistance
(e.g. perpendicular to the galaxy disk in the case of spiral galaxies) leaving the bulk of
dense gas in the host galaxy unaffected (Costa et al. 2014, 2015; Gabor and Bournaud
2014; Roos et al. 2015; Hartwig et al. 2018; Richings and Faucher-Gigue`re 2018b,a;
Nelson et al. 2019; Koudmani et al. 2019).
The additional concern about the ejective mode in really being an effective mech-
anism in quenching galaxies is that generally only a small fraction of the outflowing
gas reaches the escape velocity from the galaxy. This will be discussed more exten-
sively in Section 5.6.
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Fig. 23 Energetics of nearby CO-based molecular outflows from Fluetsch et al. (2019). (a) Total (ionized
+ neutral + molecular) mass outflow rates are plotted as a function of SFR. The black dashed line indicates
a mass-loading factor of unity, while the red and blue dashed lines are the best fits for the AGN and star-
forming galaxies, respectively. (b) Same as (a) but plotted as a function of AGN luminosity. The black
dashed line indicates the best fit to the AGN host galaxies. (c) Molecular mass outflow rates as a function
of a combination of SFR, AGN luminosity, and stellar mass. The black dashed line represents the best
fit to the data. (d) Same as panel (c) but for the total mass outflow rate. (e) Momentum outflow rate as
a function of the total radiation pressure, L/C. The dashed lines show different ratios of momentum rate
to radiation pressure. (f) Kinetic power as a function of the AGN luminosity. The grey band indicates the
predictions of momentum-driven outflows, while the black and red dashed lines indicate the predictions for
energy-driven and radiation pressure driven outflows. In all panels, the symbols are color-coded according
to the AGN fraction, and the shapes are used to differentiate between Seyferts, LINERs, and star-forming
galaxies. Images reproduced from Fluetsch et al. (2019).
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Most of the studies reported above refer to wide-angle outflows driven by the
thermal or radation pressure from AGN, supernovae or young stellar populations.
However, there is growing evidence that radio jets, despite being highly collimated,
can also uplift molecular gas and produce wide angle outflows in the ISM of galaxies.
In Section 4.5, we discussed in detail four specific cases (Cen A, IC 5063, NGC 1266,
and NGC 1377), but evidence is found for other galaxies with radio jets (e.g. Dasyra
and Combes 2012; Guillard et al. 2012; Morganti and Oosterloo 2018; Murthy et al.
2019; Fotopoulou et al. 2019; Zovaro et al. 2019; Ferna´ndez-Ontiveros et al. 2019).
It is generally found that the jet-driven outflowing gas in the molecular phase is as
massive as the neutral-atomic phase, or even more massive, and largely exceeding the
mass in the ionized phase. The morphology, excitation and general physical proper-
ties of jet-driven molecular outflows are consistent with models and numerical simu-
lations in which relativistic jets, while collimated, can generate wide angle molecular
outflows by depositing energy into the surrounding medium while piercing through
the ISM of the galaxy (Wagner et al. 2012; Mukherjee et al. 2018b,a; Bourne and Si-
jacki 2017). In the cases of clearly jet-driven outflows the mass loading outflow rates
are generally significantly lower than outflows driven by thermal/radiation pressure.
However, a systemic study of a large sample of jet-driven outflows is still missing, so
it is not really possible to assess the impact of this phenomenon on the evolution of
galaxies.
In this context, it is interesting to remind the readers of the recent discovery of
molecular outflows that are highly collimated, which also have indication of preces-
sion (the best such case, NGC 1377, was discussed in Sect. 4.5; see also Sect. 5.5
below; Sakamoto et al. 2014; Aalto et al. 2016). Such highly collimated outflows
may be more common than the few cases identified so far, as their detection requires
mapping with angular resolution (and sensitivity) high enough to fully resolve the
structure of the molecular outflows, which has become possible only recently. The
nature and driving mechanism of these highly collimated molecular outflows is not
yet clear. Faint (undetected) or faded radio jets may have been responsible for driving
these molecular outflows. Alternatively, these collimated molecular outflows may be
driven by a disk-wind similar to those seen in protostars, but scaled up by a large
factor.
Still in connection with radio jets, but on much larger scales, the last few years
has seen the ubiquitous detection of molecular filaments in the vicinity of the bright
central galaxies (BCG) of galaxy clusters, which are generally radio galaxies. These
molecular structure extend from a few kpc to several tens kpc, have molecular gas
masses in the range of 108 − 1010 M, and generally are seen to trail the X-ray hot
cavity inflated by the radio jets (Russell et al. 2014, 2017b,a, 2019; Tremblay et al.
2018; Vantyghem et al. 2018, 2019; Olivares et al. 2019). The velocity gradients
along the filaments are smooth and shallow, and generally inconsistent with free-
fall. The origin of these large-scale molecular structures is not yet clear. At least in
a few cases the mass of the molecular gas in the filament is so large that it is un-
likely to result from direct uplifting of molecular clouds by the radio-jet or by the
radio-bubbles (e.g. Russell et al. 2017b). Generally, the scenario favoured by most
authors is that the molecular filaments result from low-entropy (X-ray emitting) gas
uplifted by the radio bubbles and which becomes thermally unstable and therefore
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cools rapidly forming molecules in situ. As we shall see in the next sections, the gas
seems to cool to the point of becoming gravitationally unstable and result in promi-
nent star formation. However, in some cases even the gas cooling from low entropy
gas is unable to explain the large masses of gas observed in filaments in the intraclus-
ter medium and in these cases sloshing of molecular gas induced by galaxy merging
appears to be a reasonable alternative (Vantyghem et al. 2019; Olivares et al. 2019).
Finally, it is important to note that in all cases the velocity of these molecular fila-
ments is significantly lower than the escape velocities, implying that this molecular
gas will rain back onto the galaxy to fuel additional star formation and black hole ac-
cretion, in line with scenarios of chaotic cold accretion and precipitation (e.g. Gaspari
et al. 2017)
5.3 Dust Component
The evidence for dust in outflows and the halos of galaxies is wide-spread, varied,
and quickly growing. Extinction and reddening measurements (Sect. 3.5.1) have a
proven track record of successfully detecting dust using background light from the
host galaxy itself. Dark dust “worms” and “filaments” seen against the bright optical
stellar continuum of nearby edge-on disk galaxies with modest SFRs are the telltale
signs that stellar feedback is efficient at transporting dust at least ∼ 2-3 kpc from the
sites of star formation (Fig. 8; Howk and Savage 1997, 1999; Thompson et al. 2004).
At the other extreme of star formation activity, reddening measurements based on
galaxy colors and Hα/Hβ line ratios have long been known to be a good predictor of
deep Na I absorption features and Na I outflows in U/LIRGs (Veilleux et al. 1995;
Heckman et al. 2000; Rupke et al. 2005c). More recently, spatially resolved reddening
measurements across the host galaxies of Na I outflows have shown a good spatial
correspondence between E(B-V) and N(Na I), proving without a doubt that dust is
entrained with the neutral gas in these cool outflows (Rupke and Veilleux 2013b).
In recent years, extinction and reddening of background probes by dusty fore-
ground galaxies has become arguably one of the most powerful techniques to search
for dust in the CGM. Following the pioneering work of Zaritsky (1994), studies of the
reddening measurements of background quasars (Me´nard et al. 2010) and passively
evolving galaxies (“standard crayons”; Peek et al. 2015) by foreground z . 1 galaxy
halos have detected dust from 20 kpc to a few Mpc from galaxies, i.e. extending all
the way to the IGM (Fig. 24a). The inferred amount of dust outside of galaxies is
comparable to that within galaxies, and the sum of the two adds up to the amount
of dust produced in stellar evolution over the entire history of the universe (Fukugita
2011). This remarkable result implies that most of the intergalactic dust survives over
a cosmic time (tsput ' 1010 yrs if nH ' 10−5 cm−3 from Eq. (61)). The circumgalactic
reddening shows surprisingly no dependence on sSFR and only a weak correlation
with the stellar mass (Mdust ∝ M0.2∗ ; Fig. 24b). The reddening curve derived from
these data is SMC-like (steeply rising in the UV) and inconsistent with graphite (no
strong 2175 Å bump). The data favor silicate with a ∼ 0.03 µm or amorphous carbon
with a ∼ 0.01−0.03 µm, although if the main dust composition in galaxy halos is sil-
icate there is a tension in the grain size between the constraint from the reddening and
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Fig. 24 Circumgalactic and intergalactic dust derived from reddening in nearby galaxies. (a) Mean surface
mass density (blue), dust mass density (red), and the ratio of dust to total mass (bottom in blue) as a function
of the angular distance (lower scale) and effective projected distance (upper scale) from z ∼ 0.3 galaxies
(from Me´nard et al. 2010). (b) Power-law index of the dependence of the circumgalactic reddening on the
stellar mass and sSFR in z ∼ 0.05 galaxies, from Peek et al. (2015). Images reproduced from Me´nard et al.
(2010) and Peek et al. (2015).
that from the evolution of extinction with redshifts (Hirashita and Lin 2018). Regard-
less, these results indicate that large dust grains in the CGM are ruled out, perhaps a
sign that the dust grains in the CGM experience erosion as they travel to large dis-
tances from the host galaxies. However, these conclusions should be tempered by the
fact that some of the circumgalactic dust may be associated with extended gaseous
disks rather than cool winds (Smith et al. 2016). A study that takes into account the
orientation of the sight lines with respect to the minor axis of foreground galaxies
should be able to weigh in on the question of the origin of the circumgalactic dust.
Most of our knowledge on the distribution and properties of the circumgalactic
dust in nearby galaxies has come from using direct methods of detection. In the past
∼15 years, ISO, Spitzer and Herschel have been able to directly map the thermal
emission from dust in the halos of about two dozen galaxies (Sect. 3.5.3). A linear
correlation between the amount of extraplanar PAH emission and SFR has been re-
ported by McCormick et al. (2013). Their results also indicate a correlation between
the height of the extraplanar PAH emission and the star formation rate surface den-
sity, ΣSFR (Fig. 25), although objects with extensive PAH emission (up to ∼10 kpc
above the mid-plane) and low SFR and ΣSFR do exist (e.g., NGC 5907 and NGC
5529: Irwin and Madden 2006; Irwin et al. 2007, respectively). NGC 4631 is an-
other object which does not fit these simple relations. A rich complex of cool-dust
filaments and chimney-like features extends to projected distance of 6 kpc above the
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Fig. 25 Extraplanar PAH emission in six nearby disk galaxies. Characteristic extraplanar PAH surface
brigthtness (top row), characteristic extraplanar emission height (middle row), and characteristic extra-
planar emission height normalized by the stellar disk diameter (bottom row) as a function of the galaxy’s
SFR surface density (left column) and characteristic SFR surface density (right column) (from McCormick
et al. 2013). Images reproduced from McCormick et al. (2013).
plane of this galaxy despite a modest SFR and ΣSFR (Fig. 8d; Mele´ndez et al. 2015).
Star formation in the disk of this galaxy seems energetically insufficient to lift the
implied ∼108 M material out of the disk, unless it was more active in the past or the
dust-to-gas ratio in the superbubble region is higher than the assumed Galactic value.
Another important factor is the galaxy mass, which sets not only the escape velocity
but also the gas pressure in the ISM working against that of the hot bubble created
by the SNe (Sect. 2.2.1). Indeed, the fraction of the dust mass that resides outside
of the stellar disks of the few star-forming dwarf galaxies studied so far is higher
on average than in larger galaxies, typically ∼ 10−20% instead of .5% in the more
massive galaxies. This fraction is even higher (perhaps & 50%) in NGC 1569, host
Cool outflows in galaxies 93
of a well-known galactic wind (McCormick et al. 2018, Fig. 26). Evidence for dust
grain processing by shocks and other processes has been reported in a few objects. A
pixel-by-pixel analysis of the Herschel data on NGC 4631 shows that dust coincident
with an 3-kpc X-ray superbubble has a higher temperature and/or an emissivity with
a steeper spectral index (β > 2) than the dust in the disk, possibly the result of the
harsher environment in the superbubble. Bocchio et al. (2016) have also found that
the abundance of small grains relative to large grains ∼2 kpc from the midplane of
NGC 891 is almost halved compared to levels in the midplane.
Fig. 26 Circumgalactic infrared dust emission in nearby dwarf galaxies from McCormick et al. (2018).
Herschel PACS 160 µm maps are overlaid with Hα contours to compare the distribution of the cold dust
with that of the warm ionized material. Images reproduced from McCormick et al. (2018).
As discussed in Section 3.5.2, galaxy light scattered off of dust (“reflection nebu-
lae”) may also be used to detect dust in galaxy halos and constrain its properties (since
the scattering cross-section σs,λ depends on dust composition and grain size distri-
bution; Sec. 3.5.2). This method has been particularly fruitful in the UV, where dust
scattering is efficient and the sky background in space is dark. Systematic searches
for vertically extended scattered UV starlight in ∼ 50 nearby edge-on galaxies with
GALEX and Swift have revealed UV halos extending up to ∼ 20 kpc from the galaxy
midplanes (e.g., Hodges-Kluck and Bregman 2014; Seon et al. 2014; Hodges-Kluck
et al. 2016a; Shinn 2018; Jo et al. 2018). A strong linear correlation between the in-
tegrated luminosities of UV halos and the de-reddened luminosities (and thus SFR)
of the host galaxies is observed, fitting both starburst and less actively star-forming
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galaxies. However, starburst galaxies with known ionized galactic winds have qualita-
tively different halos that are more extensive and have complex filamentary structures
that often match Hα and cool-dust infrared filaments (Fig. 27; Hodges-Kluck et al.
2016a; Jo et al. 2018). Dust masses of a few × 106 M (or gas masses of a few 108
M for a MW-like dust-to-gas ratio) within 2 − 10 kpc of the disk are implied, based
on Monte Carlo radiative transfer (MCRT) scattering models and relatively simple
assumptions about the geometry of both the scattering halos and galaxy disk luminos-
ity distribution (Hodges-Kluck et al. 2016a; Baes and Viaene 2016). A good match is
found between the dust masses derived from the UV data and those derived from FIR
emission for the few objects where this comparison is possible (Hodges-Kluck et al.
2016a).
Fig. 27 Dust scattering in nearby edge-on star-forming disk galaxies from Hodges-Kluck et al. (2016a).
Combined UV image stacked in the first quadrant are shown relative to the optical radius, R25 (indicated by
the dashed lines). Starburst galaxies are labeled with red names. The final two panels show the combined
normal and starburst galaxies, respectively, with scale heights measured as a function of galactocentric
radius shown as points. Image reproduced from (Hodges-Kluck et al. 2016a).
In recent years, differential elemental depletion onto dust grains (Sect. 3.5.5) has
independently confirmed the existence of dust in the halos of z . 1 galaxies inferred
from reddening, infrared, and UV measurements. But, for all practical purposes, this
method has so far been limited to the stronger metal-line absorbers with NH & 1018
cm−2, where the UV absorption lines from ions of key volatile and refractory elements
with different depletion factors (e.g., Zn, O, P, S, Si, Mg, Mn, Cr, and Fe) can be
measured to derive the total column density of each element, and then compared with
the hydrogen column density measured from the strength of the damping wings of
Lyα or the H I 21-cm emission line along the same line of sight (see Sect. 3.5.5
for possible caveats). Dust inferred using this method has been reported in the Milky
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Way Fermi Bubbles (Savage et al. 2017), the galactic fountain of NGC 891 (Bregman
et al. 2013; Qu et al. 2019), some DLAs at z . 1 (Pe´roux et al. 2006; Rahmani et al.
2016), and a few z . 1.5 LLS with NH ' 1019 − 1020 cm−2 (“sub-DLAs”; Meiring
et al. 2009a,b), although not all of them (e.g., Quiret et al. 2016). On the other hand,
dust depletion in z . 1 LLS with NH < 1019 cm−2 has been found to be modest,
largely consistent with dust-free gas (e.g., Lehner et al. 2013, 2019). Most of these
LLS are metal-poor, mostly ionized, and not believed to be directly associated with
cool winds.
The results presented so far have largely focused on star-forming systems. How-
ever, it is clear that dust is also associated with AGN-driven outflows on all scales.
We have already discussed the case for dust shielding to explain the AGN-driven
Na I outflows detected on small scales in FeLoBALs (e.g., Mrk 231; Sec. 4.4) and
on kpc scales in several AGN-dominated ULIRGs (sec. 5.1). The location of the dust
in LoBALs in general is uncertain, which makes the location and energetics of the
outflows equally uncertain (Eq. (40); Dunn et al. 2010). In a few low-z cases, the
same dust that is responsible for the anomalously red continuum colors of LoBALs
and FeLoBALS seems to affect the kpc-scale narrow-line emission in these objects
so it must be located outside of the outflow region (Dunn et al. 2015). This is not
to say that none of the dust takes part in the FeLoBAL outflows, but this dust may
have only subtle effects on the overall spectrum of these objects (e.g., UV extinction
without significant reddening; Veilleux et al. 2016; Hamann et al. 2017).
For completeness, we should mention that evidence for dust in the ionized winds
of AGN outside of the dust sublimation radius is also quickly growing. Mid-infrared
interferometry of nearby Seyfert galaxies with VLT/MIDI has revealed that most of
the 12 µm emission on scale of tens to hundreds of parsecs originates from optically
thin dust in the polar region of the inner torus, likely entrained in a ionized wind
(Ho¨nig et al. 2012, 2013; Burtscher et al. 2013; Tristram et al. 2014; Lo´pez-Gonzaga
et al. 2014, 2016; Asmus et al. 2011, 2016; Ho¨nig and Kishimoto 2017; Stalevski
et al. 2019; Leftley et al. 2019). Recently, Mehdipour and Costantini (2018) reported
the presence of dust in the X-ray wind of the nearby Seyfert galaxy IC 4329A, based
on reddening measurements and the strengths of X-ray edge features from O, Si,
and Fe that indicate dust depletion. Baron and Netzer (2019a,b) have also recently
discovered a direct connection between ionized [O III] outflows and the presence of
dust emission at 10–30 µm in the SED of SDSS AGN. Using Eq. (62), the measured
dust temperature Tdust = 100 − 200 K is used to derive the location of this dust,
r ∼ 500 pc, hence the size and energetics of the [O III] outflows in AGN. Some of
these dusty AGN-driven outflows may carry dust to CGM scales and help explain the
large (r & 5 − 10 kpc) scattering cones detected at ∼3000 Å and in polarized light
around obscured quasars (Zakamska et al. 2005; Obied et al. 2016). These cones have
opening angles and directions that match the blueshifted side of the [O III] outflows.
The scattering medium is inferred to be dusty and photoionized by the quasar.
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5.4 Driving Mechanisms in AGN-dominated Systems
The most powerful, most massive, and fastest cool outflows are associated with quasars.
As discussed in Section 2.2.1, the most effective driving mechanism is the so-called
“blast-wave” energy-driven mode. In this scenario the very fast (v ∼ 0.01-0.1 c) and
energetic nuclear wind generated by the AGN radiation pressure produces a blast
wave that expands with little radiative losses, i.e. energy-conserving (e.g. King 2010;
Zubovas and King 2012; King and Pounds 2015; Faucher-Gigue`re and Quataert
2012). In this model the cold molecular/atomic phase is accelerated either as a result
of the galaxy ISM being entrained/shocked in/by the hot, fast outflow, or as direct
cooling and fragmentation of the hot phase (see Sec. 2.3). In this scenario the kinetic
power of the outflowing gas is expected to be of the order of a few percent of the AGN
radiative luminosity (typically E˙out ≈ 0.05 LAGN). Moreover, as mentioned in Section
2.2.1, the energy conserving nature of the outflow implies that the outflow undergoes
a momentum boost, with respect to the momentum of the driving radiation radiation
pressure, by a factor of f vwind/vout from eq. (8), i.e. typically a few tens unless the
efficiency f to transform the kinetic energy of the nuclear wind into bulk motion of
the large-scale outflow is << 1 (most popular models expect p˙out ≈ 10-20 LAGN/c).
Various studies have attempted to test the blast-wave scenario by constraining
the kinetic power and momentum rate in AGN-driven outflows (Cicone et al. 2014;
Tombesi et al. 2015; Nardini et al. 2015; Feruglio et al. 2015, 2017; Veilleux et al.
2017; Rupke et al. 2017; Fluetsch et al. 2019; Bischetti et al. 2019; Lutz et al.
2019). Large uncertainties in both quantities make a clear, solid assessment difficult
to achieve. Moreover, in several galaxies the outflow is also partly, or mostly, driven
by star formation, which complicates the interpretation. Despite all these caveats,
the emerging picture is that AGN-driven outflows span a broad range in terms of
E˙out/LAGN and in terms p˙out/(LAGN/c). However, most of the objects seem to lie be-
low the prediction expected by the blast-wave, energy-conserving scenario. Figures
22 and 23 show recent compilations of momentum and energy rates in galaxies in
which the molecular outflow is mostly/partly AGN-driven. While a few galaxies are
consistent with the expectation of the blast-wave scenario, the majority of them are
below the blast-wave scenario expectations, some by orders of magnitude, which is
difficult to reconcile in terms of erroneous assumption on the outflow geometry or
even by assuming that a significant fraction of the outflow is in the ionized phase
(for a significant fraction of these systems however the ionized phase is measured
and found not to contribute significantly or, anyhow, not by the large factor needed to
reconcile observations with the blast-wave scenario).
For a limited number of galaxies with measured molecular or atomic cold out-
flows, the momentum rate of the nuclear driving wind is also known through X-
ray observations (Fig. 28). In these few cases, the momentum boost can be obtained
through a direct comparison between the momentum rate of the large-scale outflow
and the nuclear wind. The first and still the best case of a fast quasar accretion-
disk wind in a system with a massive molecular outflow was reported in the ULIRG
F11119+3257 by Tombesi et al. (2015) and confirmed by Tombesi et al. (2017). As
mentioned in Section 4.4, in Mrk 231 the momentum rate of the large-scale cold out-
flow appears consistent with the nuclear wind boosted by vwind/vout (Feruglio et al.
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2015), i.e. with the (blast-wave) energy conserving scenario. A few additional sources
seem consistent with this scenario (Nardini et al. 2015). However in other cases the
momentum rate of the large scale outflow is significantly lower than the expecta-
tions from the energy conserving scenario and nearly consistent with the momentum-
conserving scenario (Fig. 28; Veilleux et al. 2017; Feruglio et al. 2017; Bischetti et al.
2019; Smith et al. 2019).
Fig. 28 Driving mechanisms of cool outflows in nearby AGN-dominated systems. Compilation from
Smith et al. (2019) of the momentum outflow rates normalized by the AGN radiation pressure for objects
with both large-scale cool outflows (left) and nuclear X-ray winds (“UFO = ultra-fast outflow”; right).
The color of each symbol identifies the object and the shape of the symbol indicates the method used to
derive the plotted quantities. The open triangle of F11119+3257 is the instantaneous momentum rate from
Tombesi et al. (2015); all other data points are time-averaged momentum rates. Images reproduced from
Smith et al. (2019).
One likely explanation for these results is that, although energy-driven, the nu-
clear AGN-powered wind does not couple efficiently with the galaxy ISM (i.e. small
values of f in eq. (8)) and that most of the energy escapes along paths of least resis-
tance (e.g. perpendicular to the galaxy disk in the case of regular late-type galaxies)
without affecting the bulk of the ISM in the galaxy (especially the dense, star-forming
component of the molecular gas). This (not really unexpected) result is obtained by
most of the detailed numerical hydrodynamical simulations (Costa et al. 2014; Ga-
bor and Bournaud 2014; Roos et al. 2015; Costa et al. 2015, 2018b; Hartwig et al.
2018; Henden et al. 2018; Koudmani et al. 2019; Nelson et al. 2019). Note that these
scenarios do not imply that the AGN-driven wind does not have any major effect on
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the star formation in the host galaxy. Indeed, the energy injected into the galaxy halo
results into heating of the CGM, which reduces or can even suppress cold accretion
onto the galaxy. In the latter case star formation in the galaxy would quench as a con-
sequence of ‘starvation’, i.e. lack of fresh gas delivered to the galaxy to fuel further
star formation. This is essentially the so-called ‘delayed’ or ‘preventive’ feedback
mode, in which the energy injected into the halo does not happen through radio-jets
but through wide-scale outflows. Indirect observational evidence of this mode being
responsible for the quenching of star formation in galaxies has been suggested by
various studies (e.g. Woo et al. 2017; Peng et al. 2015; Trussler et al. 2018).
An alternative scenario to explain the observed trends is that these AGN-driven
outflows are primarily caused by direct radiation pressure onto the dusty clouds of
the galaxy (Fabian 2012; Thompson et al. 2015; Ishibashi and Fabian 2017; Ishibashi
et al. 2017; Costa et al. 2018a; Ishibashi and Fabian 2018; Ishibashi et al. 2018b).
This scenario implies lower outflow momentum rates and lower energetics, and can
potentially account for the scatter and lower values of these quantities with respect
to the energy-driven predictions. As discussed in Section 2.2.2, this scenario was
initially deemed implausible because of the Kelvin-Helmholtz and Rayleigh-Taylor
instabilities that are expected to develop in this scenario and which would disrupt the
outflowing clouds (Scannapieco and Bru¨ggen 2015; Bru¨ggen and Scannapieco 2016;
Ferrara et al. 2016). However, more recent works have shown that if the clouds are
dense enough (as observed in many outflows now) their core can survive (Decataldo
et al. 2019) and additional cold gas can also potentially cool in the tail of the out-
flowing clouds (Fig. 4d; Gronke et al. 2018; Gronke and Oh 2019). However, even if
the gas clouds survive radiation (or ram) pressure acceleration, they have difficulties
accounting for outflows that have large momentum rates and high kinetic powers.
Multiple scattering of IR photons in a very dense, optically thick medium can poten-
tially boost the momentum rate up to 2 − 5 LAGN/c (Thompson et al. 2015; Ishibashi
and Fabian 2015, 2018; Costa et al. 2018a). Recent versions of these models pre-
dict a super-linear relation between outflow rate and LAGN, which seems supported
by recent observations (Fluetsch et al. 2019). However, these models still struggle
to produce the large kinetic powers observed in some of the most powerful quasar-
driven outflows (in these models typically E˙out < 0.01 LAGN).
As discussed in Sect. 4.5 and 5.2 (see also Sect. 5.5 below), ram pressure from
radio jets also contributes to driving cool outflows in some objects. However, the
lack of a correlation between outflow rate and radio loudness in AGN with known
molecular outflows suggest that radio jets are not a primary mechanism for most of
the molecular outflows (Fluetsch et al. 2019). This does not mean that when a radio
jet is present in a galaxy it is not the primary driver of an outflow. The few detailed
studies carried out so far indicate that, when a radio jet is present, there are no clear
galaxy or AGN properties defining whether the molecular outflow is primarily driven
by thermal pressure, or radiation pressure, or the radio jet (or even by SNe associated
with star formation); each individual case has its own specific peculiarities.
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5.5 Compact Obscured Nuclei (CONs): A Special Evolutionary Phase?
Herschel-based studies of local molecular outflows (Sect. 5.2; Veilleux et al. 2013a)
have shown that OH 119 µm outflows are ubiquitous among dusty U/LIRGs with
deep OH and 9.7 µm silicate-dust absorption features (Sect. 3.5.1). This is consistent
with a scenario where molecular outflows with an average opening angle of ∼145◦
are present in essentially all obscured systems, but subside once the AGN clears a
path through the obscuring material. Gonza´lez-Alfonso et al. (2017b) have found
that the most deeply buried sources (based on the depth of OH 65 µm) split into two
subsets (groups I and III in their Fig. 4), where group III galaxies do not show fast
OH 119 outflows, despite having the same Weq(OH 65) as the galaxies in group I.
Falstad et al. (2019) have recently shown that the most obscured galaxy nuclei, the
CONs (Sect. 3.4.6), in fact constitute the group with high Weq(OH 65), but without
OH 119 outflows (Fig. 29a). The CONs are more obscured than the galaxies with fast
OH 119 outflows, showing that Weq(OH 65) alone cannot identify the most deeply
obscured sources. Instead, their identification requires using highly excited lines at
longer, mm wavelengths (such as vibrationally excited HCN; Sect. 3.4.6). There is
evidence for inflows of molecular and atomic gas into the central regions of some
CONs (e.g., Gonza´lez-Alfonso et al. 2012; Costagliola et al. 2013; Sakamoto et al.
2013; Aalto et al. 2015b; Falstad et al. 2015; Aalto et al. 2019). It has therefore been
suggested that CONs represent a brief evolutionary phase before mechanical feed-
back from the obscured starburst or AGN becomes important and creates a detectable
outflow. Another possible explanation of these results is that the morphology (colli-
mation), size, and orientation of the molecular outflows in CONs are different from
those in galaxies of less extreme obscuration (Falstad et al. 2019). Since the CONs
are extremely obscured, it is also possible that their outflows are obscured even in the
far-infrared. To understand the difference in outflow structure with varying degree of
obscuration (and nature and strength of the buried activity) requires multi-wavelength
observations at high spatial resolution.
Recent mm-wave studies of the CON ULIRG Arp 220 have revealed the pres-
ence of a fast (840 km s−1) collimated molecular and dusty outflow in its western
nucleus (Fig. 29b; Sakamoto et al. 2017; Barcos-Mun˜oz et al. 2018). Interestingly,
the collimated molecular outflow was found in HCN, not (as usual) in CO. The out-
flow is 120 pc long with a dynamical time scale of 10 Myr and a mass outflow rate
>70 M yr−1. It is oriented almost perpendicular to the line-of-sight and also shows
opaque dust emission at its base. It is not clear if the driving source is primarily a
compact starburst or a dusty AGN. A slower outflow has been detected before in ab-
sorption (e.g. in HCO+ and SiO; Sakamoto et al. 2008; Tunnard et al. 2015), and a
faint, fast (− 700 km s−1) 119 µm OH absorption wing may also be present in this
object (Veilleux et al. 2013a), but the connection between the collimated outflow and
these various blueshifted absorption structures will require further investigation. An-
other intriguing case is the CON ULIRG IRAS 17208−0014, where the OH 119 µm
absorption profile does not show any extended blue wing, but a fast (750 km s−1)
CO outflow is detected (Garcı´a-Burillo et al. 2015). It appears collimated but its mor-
phology is not yet fully mapped and hence the origin of the discrepancy between
the OH and CO results is not clear. The mass, energy, and momentum budgets of
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Fig. 29 Compact Obscured Nuclei (CONs). (a) Median far-IR OH absorption velocity as a function of the
mm-wavelength HCN-vib luminosity relative to the total infrared luminosity. Squares, circles, diamonds,
and triangles represent LINER, HII, Seyfert 1, and Seyfert 2 optical spectral types, respectively. Colors
indicate the total infrared luminosity of each system (Falstad et al. 2019). (b) Greyscale (+black and
white contours) 92 GHz continuum image of the western nucleus of Arp 220. The red and blue contours
show the red- and blueshifted HCN1-0 high-velocity emission (Barcos-Mun˜oz et al. 2018). (c) VLA OH
absorption lines at cm wavelengths revealing a fast outflow in the LIRG Zw049.057 (Falstad et al. 2017).
(d) Collimated molecular outflow emerging from the southern nucleus of the LIRG merger NGC 3256
(Sakamoto et al. 2014). This nucleus is likely not a CON, but a dormant AGN where the outflow serves as
a relic indicator of its past activity.
the molecular outflow in IRAS 17208−0014 seem to require the existence of a hid-
den AGN. Other very obscured galaxies and CONs with outflows revealed at longer
wavelengths include Zw049.057, ESO 320-G030, IC 860 and NGC 4418 (Baan et al.
1989; Pereira-Santaella et al. 2016; Falstad et al. 2017; Fluetsch et al. 2019; Aalto
et al. 2019). NGC 4418 and IC 860 have wide-angle, large-scale v-shaped dust lanes
along the minor axis, and NGC 4418 shows a slow hot minor-axis flow similar to the
galactic wind in M82 (Ohyama et al. 2019). The link, if any, between the molecular
outflows and these optical features is not yet understood. In the case of NGC 4418,
the galactic wind may be powered by an extended 10 Myr old starburst.
In summary, several of the CONs show fast molecular outflows revealed by high-
resolution mm-wave observations of CO and/or HCN. In some cases, their morpholo-
gies indicate highly collimated outflows, without obvious radio counterparts. The
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CON outflows may also be physically smaller than those seen in less obscured dusty
galaxies, consistent with an evolutionary sequence. Note, however, that collimated,
apparently radio-quiet, outflows are not restricted to CONs; they are also found in
objects of less extreme obscuration. One example is the collimated molecular out-
flow associated with the southern nucleus of the merger NGC 3256 (see Fig. 29d;
Sakamoto et al. 2006, 2014). It is a fast (∼2000 km s−1) outflow likely powered by a
(now dormant) AGN.
5.6 Fate of the Outflowing Material
Three questions arise when discussing the fate of the cool outflowing material: (1)
does it escape the host galaxy altogether? (2) Does it experience a phase transition
between cold molecular, cool neutral-atomic, and warm/hot ionized? (3) Does it col-
lapse to form stars? The data at z . 1 provide the best constraints on these three
important questions.
The first of these questions has been addressed in several studies by comparing the
measured radial velocity of the cool outflowing gas with the minimum requirement
that it should exceed the escape velocity, often assuming vesc ' (2−3) vcirc, where the
lower multiplicative factor is for CGM-scale gas while the higher multiplicative factor
is for kpc-scale material (see Sec. 2.4). The fraction of neutral-atomic and molecular
outflowing material that meets this simple requirement generally is less than 20%, of-
ten consistent with zero (e.g., Heckman et al. 2000; Rupke et al. 2005c; Martin 2005;
Rubin et al. 2014; Schroetter et al. 2015, 2016, 2019; Fluetsch et al. 2019; Bouche´
et al. 2012). The few cases where the cool material has velocities that exceed the es-
cape velocity often are those where the velocities are measured down-the-barrel and
on small scales (r . 1 kpc; e.g., Tremonti et al. 2007; Weiner et al. 2009; Veilleux
et al. 2013a; Chisholm et al. 2017; Gonza´lez-Alfonso et al. 2017b). This perhaps in-
dicates that drag forces are subsequently important in slowing down the material as
it travels to the halo. However, one should also keep in mind the strong observational
bias against detecting escaping outflows on CGM scales since (1) the volume and col-
umn densities, covering factor, and surface brightness of the outflowing clouds likely
decrease with increasing radius (e.g., Krumholz et al. 2017b), and (2) the escaping
clouds at large radii will have only modest velocities, of order
√
2 vcirc, for ballis-
tic motions. If instead the material accelerates for some time as it moves away from
the center of the galaxy, as in the cases of thermally and radiatively-driven winds
(Sect. 2.2.1 and 2.2.2), then the material at small distances from the galaxy with ve-
locities below escape speed may nonetheless be able to escape because it is still being
accelerated. On CGM scales, this accelerated gas may be faster than the ballistically
launched material but will remain hard to detect for the reasons listed earlier under
(1).
While the current kinematic data, taken at face value, suggest that the cool mate-
rial generally does not escape the galaxy, this does not necessarily mean that none of
the outflowing material makes it out of the galaxy and into the IGM. Indeed, one very
real possibility is that the cool outflowing material becomes ionized as it travels to the
halo, so it is also important to look at the kinematics of the other warmer gas phases in
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the outflows. The high wind velocity implied by the measured X-ray temperature of
the entrained gas in galactic winds (vX ' 500− 900 km s−1) has long been used as an
argument that a significant fraction of the hot ionized gas may be escaping from dwarf
galaxies (Martin 1999), including perhaps M 82 (Lehnert et al. 1999). The measured
velocities of the warm ionized phase (traced by emission and absorption lines of e.g.
Hα, [O III] 5007, Si IV, C IV, and O VI) are generally smaller than vX, but they often
– though not always – exceed the velocities of the cooler material (Veilleux et al.
2013a; Rupke et al. 2017; Rodrı´guez del Pino et al. 2019). The fraction of ionized
gas that escapes the host galaxy is therefore higher than that of the cool gas, although
it is still modest. Moreover, one should take into account that semi-ballistic motions
are not the only way for the gas to escape the halo. Indeed, recent models and sim-
ulations have shown that under certain conditions the main effect of the AGN- and
SN-driven outflows is to create hot bubbles that become buoyant within the galaxy
halo, hence the gas ejected by the galaxy is transported to the outer halo primarily as
a consequence of buoyancy rather than because of its velocity (Bower et al. 2017).
The expectation that the outflowing molecular clouds may dissolve into the warm/hot
ionized phase has been inferred from various studies (e.g. Scannapieco and Bru¨ggen
2015; Ferrara et al. 2016) in which the outflowing molecular clouds, subject to ram
or radiation pressure, should undergo Kelvin-Helmholtz or Rayleigh-Taylor insta-
bilities, and dissolve on timescales shorter than the outflow dynamical time (see
Sect. 2.3.1 for more details). Moreover, photoevaporation has been identified as an
additional process that may erode outflowing molecular clouds to the point that they
can completely dissolve (e.g. Decataldo et al. 2017).
Direct observational evidence for gas phase transition from molecular to neutral-
atomic or from neutral-atomic to warm/hot ionized is rare. Arguably the best case for
molecular to neutral-atomic transition is that of the increasing neutral-to-molecular
gas fraction with increasing heights above the disk in the nearby system M 82, where
the linear resolution is only ∼30 pc arcsec−1 (Sect. 4.2.1; Leroy et al. 2015a). In con-
trast, NGC 253, an object at basically the same distance as M 82 and with data of
similar quality, does not show any obvious gas phase transitions in the outflowing gas
(Sect. 4.2.2; Bolatto et al. 2013a; Walter et al. 2017). The similarity of the velocity
profiles of Si II, Si III, Si IV, and O VI in nearby starbursts also does not support
phase transition within the inner ∼ kpc of these outflows. Detailed multi-phase com-
parisons have been conducted in a few, more distant infrared-bright galaxies using
3D data on the outflowing molecular, neutral-atomic, and ionized gas phases with
matched sub-arcsecond resolutions, but ∼10× poorer linear resolution than for M 82
and NGC 253 (e.g., Rupke and Veilleux 2013b; Rupke et al. 2017). The conclusions
of these comparisons have been mixed. In some cases, the gas phases overlap spa-
tially and kinematically with each other, suggesting that they move together as a sin-
gle entity without mixing or phase transition. In other cases, the cold molecular gas is
slower and more concentrated in the nucleus than the neutral-atomic component, and
the ionized gas is faster on average than the neutral-atomic gas and also more diffuse
and extended (Rupke et al. 2017). The observational evidence for phase transitions on
CGM scales is even weaker since most of the information on these scales comes from
transverse spectroscopic studies of background quasars that do not spatially sample
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the absorbers. The use of galaxies as background sources is slowly changing this and
promises to map cloud structures of different phases (Rubin et al. 2018a,b).
While some of the models mentioned above predict the molecular clouds to dis-
solve in the harsh environment of outflows, other models predict the molecular clouds
to not only survive but to actually cool even further, evolving in even denser molecu-
lar phases (Sect. 2.3.2, e.g. Richings and Faucher-Gigue`re 2018b; Zubovas and King
2014; Decataldo et al. 2019; Gronke and Oh 2019). In some of these models, the ex-
pectation is that the molecular clouds should become gravitationally unstable, frag-
ment, and form stars inside the outflow (Zubovas et al. 2013; Zubovas and King
2014; Ishibashi and Fabian 2012; Ishibashi et al. 2013, 2017; El-Badry et al. 2016;
Wang and Loeb 2018; Decataldo et al. 2019). In these models, the expected star for-
mation inside the outflow could potentially reach hundreds of solar masses per year.
This new mode of star formation would have remarkable consequences. Indeed, once
formed in the outflow, the stars would have the kinematic imprint of the outflowing
molecular gas out of which they have formed, and would start moving ballistically
on quasi-radial orbits. If their velocity does not exceed the escape velocity, then they
would start oscillating around the galactic center, hence contributing to the spheroidal
component of galaxies (bulge, halo, or possibly even contributing to the formation of
elliptical galaxies). High velocity stars, stellar shells, and intracluster supernovae are
some of the other properties that could be explained by this scenario, according to
some authors. Finding observational evidence for star formation in galactic outflows
is not simple as the signature of star formation can be easily overwhelmed by the
presence of shocks and, even more likely, by the AGN photoionization (Gallagher
et al. 2019; Hinkle et al. 2019). Moreover, young stars formed in the outflow may be
difficult to disentangle from star formation in the host galaxy; indeed, as soon as stars
form in the galactic clouds they respond only to gravity and are therefore expected to
be rapidly decelerated to velocities that are hardly distinguishable from the stars in
the host galaxy (Maiolino et al. 2017).
Despite these issues, recent studies have presented observational indication of star
formation in some galactic outflows. Maiolino et al. (2017) have investigated in detail
the outflow in the ULIRG F23128-5919 and found that the both optical and near-IR
nebular diagnostics of the outflowing gas are consistent with star formation. A simi-
lar analysis was extended by Gallagher et al. (2019) and by Rodrı´guez del Pino et al.
(2019) to samples of tens of local galaxies by exploiting the MaNGA integral field
spectroscopic survey. About one third of the outflows have nebular line diagnostics
consistent with excitation by star formation. The question is whether the excitation
is due to star formation inside the outflow or externally from star formation in the
disc of the host galaxy. The ionization parameter (UH ∝ r−2n−1H ; Eq. 40) should be
different in the two cases. Indeed, in the case of external photoionization (e.g., young
stars in the host galaxy), the ionization parameter should be lower in the outflowing
gas, primarily because the gas is located at larger distances from the ionizing source,
which is not compensated by a decrease in the gas density (as discussed in Sect. 5.2,
the density of the gas in the outflows is actually systematically higher than in the
disk). The finding that in those outflows with SF-like diagnostics the ionization pa-
rameter is similar, or even higher, than in their host galaxies favour the scenario in
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which star formation is occurring in situ, i.e. inside the outflow, therefore bringing
support to the various theoretical models discussed above.
Assessing the occurrence of this phenomenon is still difficult and sometimes con-
troversial. Based on scaling relations, Gallagher et al. (2019) suggest that the phe-
nomenon of star formation inside outflows may be even more prominent in more
powerful and more massive outflows typically occurring in the more active phases
at high redshift. However, the most powerful winds are driven by quasars, which
can easily overwhelm any star-forming diagnostic in the outflow, even if the SFR
in the outflow is relatively high (see more detailed, quantitative discussion in Gal-
lagher et al. 2019). Hinkle et al. (2019) investigate the ionization properties of four
PG quasars and find that they are indeed dominated by AGN-like or shock-like exci-
tation. They do find a region of one of the outflows dominated by SF-like excitation,
but ascribe it to external photoionization based on the proximity, in projection, with
star-forming regions in the host galaxy. This result underlines the need to accurately
model the 3D position of the outflowing gas with respect to all of the star-forming
regions in this object and all other galaxies with suspected in situ star formation.
If star formation inside outflows is a channel contributing to the formation of the
spheroidal component of galaxies, one may wonder whether the Milky Way’s halo
should show the signatures of such stars formed in past outflows. Within this context
it is interesting that, by exploiting the latest GAIA data release, Belokurov et al.
(2019) have recently discovered a significant population of metal-rich halo stars with
purely radial orbits, i.e. with the same properties expected by models of stars formed
in galactic outflows (see e.g. sect. 4.1 of Zubovas et al. 2013). Indeed Belokurov
et al. (2019) suggest that this might be one of the possible scenarios for the formation
of such stars. It is also interesting that, according to their age, all these metal-rich
MW halo stars with radial orbits were formed between z∼1 and z∼4, which is when
the higher central star formation and AGN activity is expected to have generated the
strongest outflows.
It should be noted that there are several other instances of “positive feedback”
in galaxies in which outflows or jets boost star formation in galaxies by compress-
ing their ISM or CGM. Beautiful, clear examples of this phenomenon are seen in
Cen A (Sec. 4.5.1; Crockett et al. 2012; Santoro et al. 2016) and, thanks to new ob-
serving techniques (especially thanks to the new generation of wide-field IFS) more
examples of outflow/jet-induced star formation occurring in other nearby galaxies are
being found (e.g. Croft et al. 2006; Elbaz et al. 2009; Cresci et al. 2015; Shin et al.
2019). However, these are cases in which the star formation is triggered in the host
galaxy by the compression of the outflow/jet and the newly formed stars tend to pre-
serve the kinematic properties of their host galaxy, hence a process fundamentally
different from the star formation inside outflows discussed above. While these find-
ings support several recent models of jet/outflow-induced star formation (Mukherjee
et al. 2018a; Gaibler et al. 2012; Silk 2013; Bieri et al. 2015, 2016; Dugan et al.
2017; Nayakshin and Zubovas 2012; Silk 2017), as well as older models predating
all of these observations (e.g., De Young 1981), the inferred star formation rates as-
sociated with this mode are typically low (generally less than 0.1–1 M yr−1), hence
they probably do not have a major impact on the overall evolution of galaxies. How-
ever, recent evidence for positive feedback associated with the outflow of a powerful
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type 2 quasar at z ∼ 1.5 has been detected, and in this case the inferred induced star
formation rate is about 200 M yr−1. Moreover, star formation induced by the radio
jets of high-z radio galaxies has been known for a long time (McCarthy 1993; Cimatti
et al. 1998; di Serego Alighieri et al. 1997; Feain et al. 2007). Therefore, the effect of
star formation induced by outflows and jets may be important in the early Universe
although its relevance relative to other mechanisms of galaxy formation has yet to be
assessed properly.
6 Cool Outflows in the Distant Universe
6.1 Molecular Gas Component
While the detection of ionized outflows at high redshift has been obtained for large
samples of star-forming galaxies and AGNs (e.g. Steidel et al. 2010; Genzel et al.
2014; Cano-Dı´az et al. 2012; Carniani et al. 2015, 2017; Harrison 2017; Fo¨rster
Schreiber et al. 2019), the detection of cold molecular outflows in high-redshift galax-
ies is still limited to a handful of objects, due to the observational difficulty in detect-
ing the weak signatures of outflows in these distant systems and also to disentangle
them from the dynamically quiescent ISM in the host galaxies. Moreover, even when
detected, the limited projected spatial resolution often prevents a proper assessment
of the extension and geometry of the outflow.
High-sensitivity observations of CO transitions have revealed high-velocity molec-
ular gas ascribed to outflows in about half a dozen high-redshift galaxies (Fig. 30;
Weiß et al. 2012; Feruglio et al. 2017; Carniani et al. 2017; Vayner et al. 2017; Fan
et al. 2018; Brusa et al. 2018; Herrera-Camus et al. 2019c), although in some of
these it is not yet totally clear whether the high-velocity molecular gas is truly asso-
ciated with outflow or actually result from merging or irregular dynamics. In all of
these cases the outflow is driven by an AGN, typically a powerful quasar, but also
sometimes a lower luminosity AGN residing in a normal main-sequence galaxy (Fig
30e, Herrera-Camus et al. 2019c), and also molecular outflows driven by radio-jets
(Vayner et al. 2017). These molecular outflows in distant galaxies have velocities up
to 1000 km s−1 and extend from a few kpc to several kpc.
The detection of molecular outflows through blueshifted far-IR molecular transi-
tions in absorption (redshifted to the millimeter and submillimeter bands, observable
from the ground) has been limited largely to extremely powerful starburst galaxies,
which are also strongly lensed, as the detection of these features in absorption re-
quires a strong continuum (typically in excess of 100 mJy). The only exception is
quasar J131911+095051 (Herrera-Camus et al. 2019b). There are currently only four
outflow detections, from redshift 2.3 to 6.1 (Fig. 31), three of these obtained through
the detection of OH transitions (George et al. 2014; Spilker et al. 2018; Herrera-
Camus et al. 2019b) and one of them through the detection of blueshifted high-level
transitions of water (Jones et al. 2019a). The latter is a particularly interesting re-
sult, as it implies very dense (∼ 105 − 106 cm−3) and warm (300-500 K) molecular
outflowing gas, with large column densities (∼ 1024 cm−2 or even higher).
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Fig. 30 Examples of molecular outflows in distant galaxies detected via emission lines. (a) From left to
right: blueshifted CO (3-2) line emission from z = 2.4 quasar 2QZJ0028, flux map of the blueshifted
CO (3-2) line emission (white contours) overlaid on the [O III] velocity map, [O III] blue wing (blue
contours), ALMA 3-mm continuum map (greyscale), and narrow Hα emission (color scale) tracing star
formation in the host galaxy (from Carniani et al. 2017). (b) Asymmetric CO (4-3) line emission from
z = 3.9 quasar APM 08279+5255, from Feruglio et al. (2017). (c) CO (5-4) outflow (red histogram) and
core (black histogram) in quasar XID2028 (from Brusa et al. 2018). (d) Maps of the blueshifted (v < −350
km s−1; left panel) and redshifted (v > 350 km s−1; right panel) CO (5-4) line emission shown in panel (c),
color-coded according to the flux. (e) AGN-driven CO (3-2) outflow in the massive main-sequence galaxy
zC400528 at z = 2.3 (from Herrera-Camus et al. 2019c). The emission maps of the three components
identified in the integrated spectrum shown in the lower left panel are presented in the three other panels.
Images reproduced from Carniani et al. (2017); Feruglio et al. (2017); Brusa et al. (2018); Herrera-Camus
et al. (2019c).
The fact that the high-z molecular outflows are detected only in AGN/quasar
host galaxies when searching for CO high-velocity emission, while outflows are de-
tected almost exclusively in starburst galaxies when searching for blueshifted far-IR
OH or H2O absorption, does not really have any underlying, intrinsic physical rea-
son. The reason for this dichotomy is most likely a consequence of observational
selection effects. Indeed, on the one hand AGN-driven molecular outflows tend to
be more vigorous (in terms of mass, outflow rate and kinetic power) and to have
higher velocities with respect to starburst-driven outflows, hence easier to detect in
the sensitivity-limited CO searches of outflows at high-z. On the other hand, the
detection of blueshifted OH and H2O absorption at high-z requires strongly lensed
galaxies with strong far-IR continuum, and there are statistically many more lensed
starburst galaxies with these characteristics (typically detected by the SPT and Her-
schel surveys) than lensed quasars.
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Fig. 31 Molecular outflows in distant galaxies detected via absorption lines. (a) Normalized OH 119
absorption profile of z = 2.3 ULIRG SMM J2135−0102 (in grey) compared to those of nearby starburst-
dominated ULIRGs (from George et al. 2014). (b) Normalized OH 119 absorption profile of z = 6.13
quasar ULAS J131911+095051 compared with that of local ULIRG Mrk 273 (from Herrera-Camus et
al. 2019c). (c) OH 119 absorption profile of z = 5.3 lensed ULIRG SPT J231921−5557.9 compared with
the profile of the [C II] 158 µm emission line (from Spilker et al. 2018). (d) Lensing reconstruction of
the continuum emission (left), systemic OH absorption (middle), and OH outflow (right) in the object
shown in panel (b). (e) H2O absorption spectra extracted at two locations in the continuum map of the
lensed starburst ULIRG SPT-S J034640−5204.9 (Jones et al. 2019a). (f) Water absorption profile for the
northern lensed image in panel (d) compared with the profiles of the [C II] 158 µm, CO (2-1), and two
different water emission lines. Also shown is the two-Gaussian fit to the H2O absorption spectrum. Images
reproduced from George et al. (2014); Spilker et al. (2018); Jones et al. (2019a).
Overall, the quantitative findings of these high-redshift studies illustrate that the
properties of the molecular outflows in distant galaxies follow similar trends as lo-
cal galaxies, although the outflow properties seem to saturate at the more extreme and
powerful tail (Fig. 32). More specifically, high-redshift star forming galaxies are char-
acterized by a mass loading factor of about unity, as found for their local counterparts.
However, for the most extreme starbursts found at high redshift, this implies outflow
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rates even exceeding 1000 M yr−1. For instance, the most extreme galaxy for which
the molecular outflow has been detected (the lensed galaxy SPT-S J034640−5204.9
at z=5.6; Fig. 31d-e) is characterized by an extremely powerful and extremely com-
pact starburst, resulting in an impressive surface density of star formation rate of
10,000 M yr−1 kpc−2, an order of magnitude larger than the so-called “maximal
starburst”, i.e. the maximum Eddington-limited star formation surface density be-
yond which radiation pressure is expected to rapidly blow away the ISM (Thompson
et al. 2005; Crocker et al. 2018). This galaxy is clearly in a highly transient phase. The
outflow rate inferred from the water P-Cygni profile is only a few hundred M yr−1,
much lower than the star formation rate in the same galaxy, 3000 M yr−1, implying
an outflow mass loading factor much less than unity, i.e. much lower than observed
for low-z galaxies (it is the rightmost data point in Fig. 32). Apparently, being so
highly super-Eddington, the outflow capacity has saturated; in this case the outflow
cannot regulate the star formation rate (as in less extreme, low-z galaxies) and result
into a runaway process in which star formation deplete gas in a few Myr, likely re-
sulting into a compact massive quiescent galaxy, unless replenished with fresh gas
from the IGM (Jones et al. 2019a). The second most extreme galaxy among those
with blueshifted molecular absorption detection (another SPT lensed galaxy at z =
5.3; Fig. 31b-c) displays similar properties, i.e. a very compact starburst (although
not as extreme as SPT-S J034640−5204.9) and a low loading factor, although the lat-
ter is still consistent with unity within the uncertainties (it is the second data point
from the right in Fig. 32).
Fig. 32 Molecular mass outflow rates in distant galaxies plotted as function of star formation rates. The
dashed line shows the 1:1 equality line. The symbols differentiate between AGN and starbursts and are
color-coded by redshifts (Jones et al. 2019a).
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Even in these high-z systems, the presence of a powerful AGN does boost the out-
flow rate by a significant factor, as in local systems, therefore confirming the impor-
tant role of AGNs, and especially powerful quasars, in regulating or even quenching
star formation in galaxies (Fig. 32). The energetics of these quasar-driven outflows at
high-z are typically well below the ∼5% of LAGN expected by the blast-wave, energy-
driven scenario (e.g., Bischetti et al. 2018). The momentum boost of these outflows
also seems generally well below the factor expected by the energy-driven scenario
(i.e. typically of the order of LAGN/c or a few times LAGN/c, in contrast to the expec-
tation of >10 LAGN /c expected in the energy-driven scenario; Feruglio et al. 2017;
Bischetti et al. 2018). These findings suggest that, as expected by numerical sim-
ulations, in these early systems the bulk of the hot nuclear wind does not couple
efficiently with the galaxy ISM and mostly escapes into the IGM (Costa et al. 2015).
Alternatively, a significant fraction of the outflow may be accelerated by radiation
pressure, which results in a much lower momentum boost (e.g. Costa et al. 2018a;
Ishibashi et al. 2018a).
6.2 Neutral Atomic Gas Component
There are many more reported cases of neutral-atomic outflows at high redshifts
than molecular outflows. Down-the-barrel and transverse spectroscopic surveys of
neutral/low-ionization UV absorption lines (C II, O I, Al II, Si II, and Fe II in ab-
sorption) and emission lines (Si II∗, especially common at z ∼ 4) from z & 2 main-
sequence star-forming galaxies have revealed ubiquitous, fast (v50 ' 100 − 300 km
s−1, v98 up to ∼1000 km s−1), neutral-atomic outflows extending to at least ∼ 50-100
kpc (∼ 0.5 − 1 rvir; e.g., Shapley et al. 2003; Adelberger et al. 2005; Erb et al. 2012;
Fox et al. 2008; Steidel et al. 2010; Rudie et al. 2012, 2019; Sugahara et al. 2017,
2019; Du et al. 2018; Gatkine et al. 2019). The outflow velocities tend to increase
with redshifts up to z ∼ 2, above which they seem to level off (Fig. 33, Sugahara et al.
2017, 2019; Du et al. 2018), as predicted by some models (e.g., Muratov et al. 2015).
This turning point at z ∼ 2 may also be due to a systematically higher SFR surface
density in galaxies at z & 2 (due to selection biases) or a change in outflow geom-
etry (a more spherical outflow geometry at high z will boost the detection fraction
of outflows and increase the average/median outflow velocities in the stacked galaxy
spectra).
In most cases, these results rely on the measurements of the strongest interstellar
lines, which are typically saturated and therefore only trace the covering fraction and
kinematics of the outflowing gas but not the column density (mass). Over the years,
down-the-barrel studies of a total of ∼ 20 gravitationally lensed systems at z ' 2 − 4
have addressed this weakness by measuring the fainter unsaturated lines of several
elements (from H to Zn) in a variety of ionization stages (Pettini et al. 2002; Quider
et al. 2009; Dessauges-Zavadsky et al. 2010; Stark et al. 2013; Rigby et al. 2018b,a;
Jones et al. 2018). These studies have confirmed the ubiquity of fast low-ionization
outflows in high-z main-sequence star-forming galaxies, and reported mass outflow
rates of the low-ionization gas alone that typically match or exceed the star formation
rates.
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(a)$ (b)$
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(d)$
Fig. 33 Neutral-atomic outflows in distant star-forming galaxies. Trends of increasing maximum outflow
velocities with (a) SFR, (b) circular velocity and (a)-(d) redshift are present in the data. Images reproduced
from Sugahara et al. (2019).
The presence of powerful AGN at the center of star-forming galaxies likely en-
hances the velocity of cool outflows on small scales (Talia et al. 2017), although in
some cases the AGN photoionize the cool gas that is located too close from the center
(Perrotta et al. 2016). In the most extreme cases of z ' 2 LoBALs and FeLoBALs,
the outflowing low-ionization material reaches velocities of several × 1000 km s−1
on scales of 1-3 kpc (based on Eq. (40) and densities derived from Fe II∗/Fe II and
Si II∗/Si II ratios; Moe et al. 2009; Dunn et al. 2010). The implied outflow mass rates
and kinetic luminosities are a few × 100 M yr−1 and 0.1–1% LBOL, respectively.
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Fig. 34 Neutral-atomic outflows in distant quasars. (a) UV C II 1334 and Mg II 2796 absorbers around
z ' 2 massive galaxies hosting quasars (lower-right panel) compared with those of z ' 0 dwarf and
luminous galaxies (COS-Dwarfs and COS-Halos, respectively), z ' 1 Luminous Red Galaxies (LRG),
z ' 1 quasars (z1Q), and z ' 2 Lyman-Break Galaxies (LBG) (from Prochaska et al. 2014). (b) Velocity
shift between the mean stack of C II absorbers around z ' 2 quasars (black histogram; from Lau et al.
2018) and the expected kinematics purely from clustering (solid green line). The dashed and dashed-
dotted lines are absorption profiles centered on the data but with σv = 554 and 214 km s−1, respectively.
(c) Spatially resolved [C II] 158 µm outflow around the quasar SDSS J1148+5251 (from Cicone et al.
2015). (d) Stacked integrated [C II] 158 µm spectrum of 48 quasars at 4.5 < z < 7.1 (from Bischetti et al.
2018). (e) Luminosity maps of the high-velocity [C II] emission derived from the spectrum in panel (d).
Images reproduced from Prochaska et al. (2014); Lau et al. (2018); Cicone et al. (2015); Bischetti et al.
(2018).
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On CGM scales, transverse studies of C II and Mg II absorbers around powerful
z ' 2 quasars (Fig. 34a; Prochaska et al. 2014; Lau et al. 2016, 2018) have revealed
large reservoirs (∼ 2 × 1011M) of cool gas with ∼0.7 covering fraction, ∼1/4 solar
metallicity, and super-solar O/Fe ratios, indicative of enrichment primarily by core-
collapse SNe. To avoid Fe dilution by SNe Ia, the metals must be injected into the
CGM of these quasars in less than ∼1 Gyr through a burst of star formation of &50
M yr−1. Prochaska et al. (2014) have argued that the large amount of metals in the
CGM of these quasars may simply reflect their large halo masses (& 1012.5 M) rather
than the influence of the quasars. Indeed, the broad velocity distribution of the C II
absorbers can largely be explained by virial motion within the galactic halos. How-
ever, the observed velocity offset of +200 km s−1 of the cool absorbing system with
respect to systemic velocity (Fig. 34b) seems to require a net outflow of ∼ 400-450
km s−1, combined with anisotropic and/or intermittent ionizing radiation from the
quasars (Lau et al. 2018).
Photoionization by internal or external energy sources is also an important fac-
tor when studying the cool CGM in line emission. For instance, CGM-scale Lyα
nebulae have been detected around several high-z star-forming and active galaxies
through stacking analyses (e.g., Steidel et al. 2011; Momose et al. 2016) and deep
integral-field spectroscopy (e.g., Borisova et al. 2016; Wisotzki et al. 2016, 2018;
Erb et al. 2018; Arrigoni Battaia et al. 2019; Cai et al. 2019; O’Sullivan et al. 2019),
but in most cases, these nebulae are photoionized by the central quasars or starbursts
(e.g., Leibler et al. 2018) or the cosmic UV background (e.g., Wisotzki et al. 2018),
and thus they trace largely the warm-ionized component of the CGM rather the cool
neutral-atomic gas phase. Moreover, the severe radiative transfer effects of this strong
resonant line complicate the interpretation of the broad Lyα line profiles, making this
line an ambiguous kinematic tracer of outflows in general (Sec. 3.3.2). Much of the
recent effort has instead been directed at mapping the high-z CGM using cool-gas
tracers that are not affected by these effects.
Being one of the brightest lines in the spectrum of galaxies, the [C II] 158 µm
transition has been extensively used to search for outflows in galaxies at z > 4, i.e.
at redshifts high enough that this transition is shifted to the submm/mm-wave bands
with good atmospheric transmission. As discussed in Section 3.4.4, this transition
is expected to trace predominantly the atomic neutral component of the ISM and
outflows, although contribution from the ionized phase may be significant. [C II] is
currently detected in a few hundred galaxies at high redshift, however, as for CO,
the detection of the outflow component has been much more difficult, as it implies
detecting broad wings, typically much fainter than the core of the line, and often dis-
tributed in a more diffuse component. The most prominent detection of cold atomic
outflow at high-z has been obtained for the famous quasar J1148+5251 at z = 6.4
(Fig. 34c; Maiolino et al. 2012; Cicone et al. 2015), which was observed for over 30
hours with NOEMA, and where [C II] is detected out to velocities in excess of 1000
km s−1, extending on scales of 30 kpc, matching expectations from zoom-in cosmo-
logical simulations and theoretical models specifically aimed at intepreting feedback
in this quasar (Valiante et al. 2012; Costa et al. 2015). In this case the outflow has
been mapped in such detail that it was possible to infer the geometry and temporal
evolution of the outflow. More specifically, the outflow appears to have a biconical
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structure along our line of sight; indeed detailed modelling (Costa et al. 2015) shows
that this is the only geometry that can match the nearly symmetric, double-peaked
distribution of the [C II] high-velocity component on large spatial scales. Moreover,
the distribution of the dynamical timescale of the various outflowing clumps indicates
that the outflow has been ongoing for at least 108 yr and in a bursty mode.
However, J1148+5251 seems to be an extreme case. Detections of atomic cold
outflows through [C II] wings has so far been achieved only for a few additional indi-
vidual quasars (Dı´az-Santos et al. 2016, Carniani et al. in prep.). Yet, the combination
of ALMA [C II] data of nearly 50 quasars at z∼5-7 (corresponding a total of nearly 40
hours of integration) has revealed clear broad wings in the stacked cube (Fig. 34d-e;
Bischetti et al. 2018), indicating that these primeval quasars on average drive high-
velocity cold outflows as expected by models and cosmological simulations (e.g. Di
Matteo et al. 2005; Valiante et al. 2012; Costa et al. 2015, 2018b). The stacked cube
also suggests that these quasar-driven outflows have extensions of several kpc. Stack-
ing analyses no doubt miss a significant fraction of faint outflows due to orientation
effects (Stanley et al. 2019), so these results should be considered conservative lower
limits.
Early attempts to detect cool winds in distant “normal” star-forming galaxies
through the [C II] line and through stacking of 10-20 galaxies have resulted in tenta-
tive detections of broad wings (Gallerani et al. 2018; Fujimoto et al. 2019). A clearer
and more definitive result has been obtained through the ALPINE ALMA large pro-
gram, which has enabled the stacking of nearly 100 galaxies (Ginolfi et al. 2019). A
clear detection of broad wings, extending to velocities of several 100 km s−1 and on
kpc scales, is however obtained only when the stacking is restricted to the most star
forming galaxies (SFR > 100 M yr−1).
6.3 Dust Component
Direct evidence for dust in cool outflows based on the detection of spatially extended
dust emission coincident with extended broad CO or [C II] line emission is rare (pos-
sibly seen only in SDSS J1148+5251; Cicone et al. 2015). The same is true for
dust depletion in individual low-ionization outflows. In the few cases of z ' 2 − 3
gravitationally-lensed star-forming systems where this type of detailed down-the-
barrel analysis is possible, the results are ambiguous. The outflowing gas often shows
super-solar alpha-to-iron ratios consistent with dust depletion, but these anomalous
ratios may also be explained if the bulk of the stars in these galaxies formed recently
(. 0.3 Gyr; Pettini et al. 2002; Dessauges-Zavadsky et al. 2010; Jones et al. 2018).
Arguably the most convincing argument for dust in cool outflows at z & 1 comes
from reddening measurements of quasars with intervening strong Mg II absorbers.
Me´nard and Fukugita (2012) have deduced that strong Mg II absorbers at z = 0.4−2.0
carry about half of the total amount of dust outside of galaxies (see Sec. 5.3), or nearly
all of the circumgalactic dust within the virial radii of galaxies. These absorbers have
a constant MW-like dust-to-gas ratio that is consistent with an outflow origin, where
dust is neither added through stellar processes nor destroyed by sputtering over the
inferred long (several Gyr) effective lifetime of these clouds.
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Dust is also present in most z & 1.5 DLAs with NH > 1020.3 cm−2 and sub-DLAs
with NH = 1019−20.3 cm−2, based on background quasar reddening (Fukugita and
Me´nard 2015) and absorption-line measurements of differential elemental depletion
(Wolfe et al. 2005; Dessauges-Zavadsky et al. 2006; Jenkins 2009; Kulkarni et al.
2015; Quiret et al. 2016; De Cia et al. 2016; De Cia 2018). However, these systems
generally have 3 − 10× lower metallicity than that of Mg II absorbers and their dust-
to-gas ratio, metallicity, and line width all decrease with increasing NH , contrary to
that of Mg II absorbers. The metals in DLAs may have been ejected from galaxies
in cool winds as with Mg II clouds, but this gas must have subsequently mixed with
primordial gas on intergalactic scales to produce the observed metallicity and dust-
to-gas ratio, and their dependence on NH (Fukugita and Me´nard 2015). Note also that
the MW-like 2175 Å graphite feature is detected in some of these systems, but not in
Mg II absorbers (Ma et al. 2017).
Most high-redshift AGN, particularly those with red or IR-bright SEDs, contain
large quantities of dust, but a firm association between dust and outflows in these
systems is still lacking. The case for entrained dust in LoBAL and FeLoBAL quasars
has already been discussed in Section 5.3, when discussing low-redshift systems, so
it is not repeated here. Many more quasars with very red optical-IR colors, remark-
ably blue or flat colors in the UV, and fast powerful warm-ionized winds seen in both
line emission and absorption have been discovered by cross-correlating the sources in
the WISE mid-infrared catalog of galaxies with those from other large ground-based
extragalactic surveys. These so-called “extremely red quasars” or ERQs represent a
promising new class of objects to search for dust in outflows (Banerji et al. 2015; As-
sef et al. 2015; Hamann et al. 2017; Perrotta et al. 2019; Coatman et al. 2019; Temple
et al. 2019). A recent spectropolarimetric follow-up study of a small subset of these
objects by Alexandroff et al. (2018) has revealed high polarization (∼ 15%) in the
UV continuum, indicating that most of the continuum emission at these wavelengths
is due to anisotropic scattered light, most likely off of a dusty medium in proximity
to the AGN. Alexandroff et al. (2018) have also argued that the strength and swing in
position angle of the polarization across the profiles of the emission lines can most
simply be explained with a geometrically thick equatorial dusty scattering outflows
of several thousand km s−1 that extends on scales of tens of parsecs. On the other
hand, Temple et al. (2019) recently concluded that most of the dust in extremely red
quasars lies on galactic scales outside of the ionized [O III] outflows. Clearly, the jury
is still out on this issue, and the possibility that dust may be present on both nuclear
and galactic scales, as in FeLoBALs, is not excluded.
6.4 Fate of the Outflowing Material
It is difficult to estimate the escape velocity in high-redshift systems. However, most
of the molecular outflows detected at these high redshifts seem hosted in very mas-
sive galaxies, characterised by high SFR and high AGN power (this is simply a con-
sequence of the current selection biases), so even velocities as high as 1,000 km s−1
would not enable the cold outflowing gas to escape the halo of these galaxies. Hence
the gas is likely to rain back onto the host galaxy unless heated and prevented to cool.
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Nevertheless, it is interesting to note that quasar-driven outflows seem to have an
immediate quenching effect on those regions of the host galaxy hit by the outflow: in-
deed in these regions star formation appears to be suppressed relative to other regions
of the host galaxy (Cano-Dı´az et al. 2012; Cresci et al. 2015; Carniani et al. 2016).
However, overall the elevated star formation rate across the rest of the quasar galaxy
seems unaffected, which has raised questions on the effectiveness of quasar-driven
outflows in quenching star formation at high redshift (e.g. Balmaverde et al. 2016;
Schulze et al. 2019). In fact, there are indications that, in some of these high-z galax-
ies characterized by quasar-driven outflows, star formation can actually be boosted
as a consequence of gas compression in regions surrounding the fast outflow (Cresci
et al. 2015; Carniani et al. 2016). In these cases, the net feedback effect seems to be
more positive than negative.
The story for the outflowing neutral-atomic material is seemingly quite different.
As mentioned in Sec. 6.2 and shown in Fig 33, the outflow velocities of the neutral-
atomic gas at z & 2 appear to be larger on average than those measured at low red-
shifts. More importantly, the stellar masses of the high-z host galaxies are typically
1−2 dex smaller than those at low redshifts (e.g., Behroozi et al. 2013), so their escape
velocities are correspondingly 0.3-0.6 dex smaller (Sec. 2.4). As a result, the bulk of
the cool outflowing material in these high-z systems often has a large enough velocity
to escape from the host galaxies altogether, contrary to the cases at low redshifts (Sec.
5.1, 5.6). If unimpeded by drag forces, this outflowing neutral-atomic material will
contribute to the enrichment of the CGM and IGM (e.g., Muratov et al. 2015, 2017),
and may re-accrete onto neigboring galaxies (Angle´s-Alca´zar et al. 2017).
The difference between the molecular and atomic gas phases in high-z outflows
no doubt is due to selection biases rather than a physically meaningful difference be-
tween the phases. High-z cold molecular and [C II]-based outflows have so far been
detected only in massive galaxies, for which the escape velocity is very high, while
the neutral outflowing phase observed through absorption line studies is mostly de-
tected in lower mass main-sequence star-forming galaxies which have smaller escape
velocities. So the current results reflect the different populations of galaxies being
probed by different outflow tracers rather than differences in outflow phases.
7 Open Issues and Future Directions
7.1 Theoretical Challenges
7.1.1 Wind–ISM Interaction
Fundamentally, the issue here is whether cool ISM clouds entrained in a hot wind
can reproduce the observed characteristics of cool outflows. The first basic question
is whether ram-pressure forces exerted by a fast low-density wind on a dense (∼104
cm−3), cold (∼10-100 K) cloud initially at rest can accelerate this cloud to ∼ 200
(1000) km s−1 over a scale of ∼ 200 (1000) pc, without shredding it into pieces by
erosion processes. These densities, velocities, and distance scales are representative
of the outflowing molecular gas in NGC 253 and Mrk 231, respectively (Sect. 4.2.2
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and 4.4). The fast (∼ 450 km s−1) and very dense (∼ 107–105 cm −3) clouds seen out-
flowing on parsec scale in NGC 1068 (Sect. 4.3) are equally if not more challenging
to explain in this entrainment scenario. Recent high-resolution 2D and 3D simulations
(McCourt et al. 2018; Sparre et al. 2019, respectively) of radiatively cooling clouds
interacting with a supersonic, hot wind indicate that shattering / fragmentation of
clouds larger than the cooling length is unavoidable. However, the quantitative dif-
ferences between the results from these simulations7 underscore the need to strive
for the most realistic state-of-the-art simulations and address the issue of numerical
convergence to make substantial progress answering even this simple question. The
importance of extending both the parameter space (e.g. tcool,mix/tcc) and the simula-
tion domain to follow up the evolution of the stripped material mixing with the hot
fluid has also recently been emphasized by Gronke and Oh (2018, 2019, see Fig. 4).
Other forces (e.g., radiation, cosmic rays, magnetic fields) may be added later to try to
reproduce the substantial momentum boost (p˙ > L/c) observed in energy-driven cool
outflows, but the treatment of these other forces will require additional refinements to
the simulations (see below) that are computationally costly and may compromise the
accuracy of the overall results. Ultimately, the outcome of these simulations should
be used to design observational diagnostics that distinguish between these various
processes.
7.1.2 Production and Survival of Dust and Molecules
As discussed in Sec. 2.2.1 and 2.3.2, the molecular material in cool outflows may be
produced in situ from the shocked ISM itself as long as the molecular gas manages
to (re-)form within . 106 yrs. This short timescale favors H2 formation catalyzed
by dust grains but it is at present unclear to what extent dust is able to survive the
reverse and forward shocks produced by the violent interaction of the fast inner wind
with the ISM (Sec. 3.5.6). In recent years, simulations and models of reprocessing
of dust grains through shocks in SN remnant environments have shown that large
(a & 0.1µm) grains may survive or “escape” the shocks and decouple from the gas
(Slavin et al. 2004; Silvia et al. 2010; Biscaro and Cherchneff 2016), but the results
of these models do not necessarily apply to the more extreme conditions of cool-
gas outflows (characterized by higher shock velocities and stronger UV and X-ray
radiation fields). Similarly, the failure of diffuse ejecta to reform the dust once the
dust is destroyed by shocks (Biscaro and Cherchneff 2014) may not be relevant to the
denser conditions of cool outflows. Moreover, dust growth in the more diffuse cold
neutral medium may also be significant (Draine 2009; Ferrara et al. 2016; Zhukovska
et al. 2016), but requires tracking the evolution of nano-grains in this lower density
environment (since tacc ∝ a/n; Eq. (60)). Modeling of the reprocessing (destruction,
formation, and evolution) of both the dust and molecular gas needs to be done self-
consistently assuming the special time-dependent conditions of cool outflows to track
7 As pointed out by Sparre et al. (2019), instabilities have a smaller effect in 3D than in 2D because a
3D flow has the freedom to use the z-direction to avoid disturbing dense clouds. As a result, the level of
fragmentation is lower in 3D than in 2D, and the increase in covering fraction for large clouds in 3D is less
than that seen in 2D.
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the non-equilibrium molecular chemistry, and fully assess the validity of the scenario
where the molecules form in situ within the wind.
7.1.3 Coupling the Radiation to the Cool Gas
Coupling of the radiation to the cool gas is inherently a difficult numerical prob-
lem since it requires in principle to resolve scales as small as the photon mean free
path or dust destruction radius to capture all of the relevant physics, even in the sim-
pler single-scattering optical thin limit (although promising workarounds have been
developed in recent years; Krumholz 2018; Hopkins and Grudic´ 2019). In the op-
tically thick limit, the numerical treatment of radiation Rayleigh-Taylor instabilities
and frequency diffusion (due to κeff,IR ∝ ν2 for IR radiation) is critically important
and as a consequence considerable debate still remains regarding the efficacity of ra-
diation to drive cool outflows (Sec. 2.2.2). Future numerical simulations that utilize
the latest methods to solve the frequency-dependent radiative transfer equation and
interpolate the solution back onto fluid elements will need to be tailor-made to re-
produce the conditions of local U/LIRGs, where the most extreme momentum boosts
p˙/(L/c) are observed, and should emphasize the distinguishing physical features of
outflows accelerated by radiation pressure over those driven by thermal processes.
Given the (tentative) evidence for elevated dust-to-gas ratios in the extraplanar mate-
rial of some galaxies (Sec. 5.3) and decoupled dust/gas velocities in the ionized wind
of M82 (Yoshida et al. 2011, 2019), the possibility of the dust grains decoupling dy-
namically from the gas due to the stronger radiation forces acting on them should
also be investigated, keeping tract of the sizes and charges of dust grains and the col-
lisions, Coulomb interactions, and Lorentz forces with the molecular, neutral-atomic,
and ionized gas making up the outflow (Draine and Salpeter 1979b,a; Krumholz and
Thompson 2013; Thompson et al. 2015).
7.1.4 Importance of Cosmic Rays
Tremendous progress have been made in recent years in modeling the effects of CRs
as an additional source of pressure to drive warm and cool outflows (Sec. 2.2.3). The
results are sensitive to the treatment of the microphysical processes associated with
CR transport, e.g. relative importance of advection, streaming, and anisotropic diffu-
sion of CRs along the magnetic fields. Future theoretical efforts should be directed at
making quantitative morphological and kinematic comparisons between cosmic-ray
driven outflows and those that do not include the effects of cosmic rays over a broad
range of realistic initial ISM conditions (multi-phase density distribution, magnetic
field strength and orientation), energy source distribution (SNe in a starburst, AGN),
and detailed physics of the CR-plasma interaction. The importance of cosmic rays
as a source of ionization of the cold molecular gas should also be investigated using
the physical conditions appropriate to cold-outflow hosts (e.g., gas-rich U/LIRGs) to
allow direct comparisons with the few existing observational constraints on partially
ionized molecular outflows (e.g., Mrk 231; Sec. 4.4).
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7.2 Observational Challenges
7.2.1 Unbiased Census of Local Molecular Outflows
Current statistics on local molecular outflows are not representative, since they are
highly biased in favor of special, highly active or gas-rich galaxies, such as ULIRGs,
quasars, AGN, and starbursts where outflows may be brighter and easier to observe.
The census of neutral atomic outflows also suffers from biases, but the situation is
much better due to SDSS and large long-term investments of telescope time in opti-
cal and near-infrared spectroscopic surveys (Sect. 5.1). An unbiased census of local
molecular outflows can in principle be carried out with current facilities (NOEMA,
ALMA), given enough observing time. Future infrared and radio facilities (SPICA,
the Origins Space Telescope, Square Kilometer Array, Next Generation VLA), how-
ever, have the sensitivity and throughput to significantly improve the picture. The
Origins Space Telescope, for example, will be an efficient survey machine for low
and high redshift (Bonato et al. 2019), capable of fast, very sensitive mid and far-
infrared spectroscopy. As an interferometer, the Next Generation VLA (ngVLA) will
provide high-resolution spectral imaging with very high sensitivity for the ground
transitions of CO, HCN, and HCO+ at λ ∼ 3 mm, and several other powerful diag-
nostics of cold molecular outflows (Bolatto et al. 2018). The phase 1 mid-frequency
version of the Square Kilometer Array (SKA), which should start construction soon,
is optimizing for surveying at λ ∼ 21 cm, and will be an extremely capable instru-
ment to image outflows in neutral hydrogen emission and absorption (e.g., Morganti
2012).
7.2.2 Outflow Physical Properties
The measurements of the outflow physical properties, specifically mass loss rate, ki-
netic power, and momentum rate, are uncertain. The main issues are the geometry,
velocity projection effect, and the determination of the mass in the outflow. There is
a need for higher angular resolution and sensitivity (especially to diffuse low-surface
brightness emission) to be able to apply several independent diagnostic tools on the
same targets to reduce systematic errors and constrain the key quantities needed to
calculate the energetics. Use of the fainter, higher level mm-wave CO, [C I], HCN,
and HCO+ transitions on a large sample of objects promises to provide a more com-
plete picture of molecular outflows (especially a more accurate assessment of the gas
mass in the outflow), while combined down-the-barrel and transverse multi-line rest-
frame UV and optical absorption-line studies and deep 3D emission-line mapping of
statistically significant samples of galaxies should help answer questions about in-
flight gas phase transition and gaseous extent of the neutral-atomic outflows. Soon,
JWST will help probe the warm H2, predicted to be the dominant molecular com-
ponent according to some quasar feedback models (Richings and Faucher-Gigue`re
2018b,a). Next-generation UV and X-ray missions will provide valuable constraints
on the kinematics, ionization state, chemical composition, and dust content of the en-
ergetically important warm-hot and hot wind fluids, the “piston” in thermally driven
cool outflows. The importance of CRs in driving these outflows will also be assessed
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quantitatively with LOFAR (e.g., Heesen et al. 2018, 2019; Mulcahy et al. 2018) and
ngVLA.
7.2.3 Negative Feedback: Zone of Influence and Escape Fraction
The true impact of cool outflows can only be fully assessed by mapping the entire
zone of influence of these outflows since negative feedback limited to small scales
would not prevent the cool CGM from accreting back onto the galaxy host and form-
ing new stars. Current absorption- and emission-line measurements are still severely
limited by the sensitivity of current observations, particularly the surface brightness
limits of emission-line mapping. On the short term, this can be improved by increas-
ing the exposure times on a few key targets using large-format 3D spectroscopic
instruments such as MUSE on the VLT and KCWI on Keck to provide full three-
dimensional coverage of the outflows on CGM scales and allow reliable decomposi-
tion of the outflowing material from the gravitationally bound material (e.g., Rupke
et al. 2019). However, robust conclusions based on a statistically significant sample
of galaxies will have to wait for the next generation of ground-based facilities includ-
ing IFS on ELTs and ngVLA, and space-borne facilities such as SPICA, the Origins
Space Telescope, LUVOIR, the Advanced Telescope for High-ENergy Astrophysics
(Athena), and the Lynx X-ray telescope.
7.2.4 Positive Feedback: Induced and In-Situ Star Formation
The evidence for positive feedback is still sparse, even in the local universe. There is
a need to carry out a systematic search for positive feedback in a statistically signif-
icant sample of objects. Actively star-forming hosts may need to be excluded from
this sample to avoid any confusion with the source of ionization (internal vs exter-
nal to the outflow), unless the geometry of the outflowing gas with respect to the
host material is unambiguous. The technical challenge of disentangling the different
sources of excitation in the gas (AGN, star formation, shocks) will still remain, but
great strides have been made in recent years to resolve this problem by using the full
suite of sophisticated photoionization and shock models in combination with kine-
matic predictions (Davies et al. 2014, 2016; Kewley et al. 2019). Yet, the fact that
the presence of an AGN easily overwhelms the signature of star formation remains
an issue difficult to overcome. Near-IR diagnostic nebular lines are promising alter-
natives to the classical line diagnostic diagrams in the optical (e.g. Maiolino et al.
2017) and are less affected by the AGN dominance; currently these near-IR diag-
nostics are observable with good S/N only for a small number of outflows, but the
sensitivity and resolution of JWST will enable to trace these diagnostics in essentially
all local outflows and also at intermediate redshifts. The ultimate test will be directly
detecting the signature of young stars and their kinematics; within this context deep
observations with HST-COS or even with future facilities such as LUVOIR will help
to unambiguously disentangle positive feedback phenomena.
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7.2.5 Evolution with Look-Back Time
Current observations indicate that warm-ionized and cool-atomic galactic winds are
common at high redshifts, where main-sequence galaxies are very active and expe-
riencing rapid growth. However, very little is known about their cold components,
except in a handful of spectacular examples (e.g., Herrera-Camus et al. 2019c). Be-
cause of the biases and selection effects introduced by using different diagnostics
to study the evolution of cool outflows with look-back time, it is preferable to use
the same wind diagnostics at all redshifts. A fair comparison also requires matching
linear resolution and flux limits of the observations. Ground-based 8-10 meter class
OIR telescopes, ALMA, and VLA have already proven very useful to search for the
rest-frame UV/optical, FIR, and mm-wave signatures of cool winds at z ' 2-6. JWST
should soon extend our grasp to higher redshifts using optical/UV diagnostics with-
out compromising on sensitivity and linear resolution. But large, sensitive, systematic
surveys of molecular outflows reaching out to epochs where most galaxies are rapidly
evolving are necessary to establish the importance of outflows in the cosmological
context. Future facilities such as the ELTs, the ngVLA, SPICA, the Origins Space
Telescope, and LUVOIR should be able to detect and characterize cool winds during
the epoch of galaxy formation and fast growth of black hole seeds (e.g., Gonza´lez-
Alfonso et al. 2017a). Combining this together with studies of the growth of black
holes at these redshifts, enabled by next-generation X-ray facilities such as Athena
and Lynx, will shed new light on some of the key processes that shape galaxies.
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